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CHAPTER 1 
GENERAL INTRODUCTION 
1.1 Significance and objectives  
Virus diseases cause widespread losses in yield and quality of cultivated plants and are 
responsible for severe economic damage worldwide (Hull, 2002). The losses are due to 
symptoms that are elicited by virus infection, which are likely caused by a variety of changes 
at the cellular level including the alteration of global gene expression. In spite of the 
necessity to understand the molecular mechanisms of how viruses cause disease and 
extensive efforts to investigate how viruses replicate themselves in plant cells and spread 
systemically throughout their hosts, there is currently very poor understanding about the 
major aspects of the molecular events and signaling networks in plants leading to disease 
symptoms.  
In the studies described in this dissertation, my first objective was to identify new plant 
genes that are potential host factors that assist in the virus life cycle or are diverted from their 
normal activities to play a role in symptom development. Candidate genes were identified 
based on the functional classifications of Arabidopsis thaliana genes that were mis-regulated 
in response to viral infection. My second objective was to investigate the roles of two 
functional groups of genes encoding cell wall proteins and ribosomal proteins (r-proteins) in 
viral pathogenesis. I expect that the data presented in this dissertation will lead to subsequent 
genetic, cell biology, and biochemical studies to further explore the molecular bases of viral 
pathogenesis and symptomatology. In the long-term, this knowledge may be applied to 
control viral infection and spread, and therefore, to improve the yield of crop, pastural, and 
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horticultural plants. 
1.2 Literature review---the compatible interaction between potyviruses and 
their plant hosts 
Plant viruses are obligate intracellular parasites that encode a limited number of proteins. 
Their genomes typically are composed of 4-10 genes. To complete their infectious life 
cycles, plant viruses must accomplish the steps of uncoating (release of viral genomes from 
virion particles), replication (viral protein translation and genome amplification), progeny 
virion assembly, cell-to-cell movement (short distance, usually through plasmodesmata), and 
systemic movement (usually through phloem to reach the whole plant). During each of these 
steps, viruses must rely on living host cells, and therefore, they are intimately associated with 
the host cellular milieu. This dependency requires viruses to redirect host cellular resources 
away from their normal functions. Thus, the success of the viral infection cycle depends on 
complex interplay between viral proteins and/or viral nucleic acids with host cellular 
components.  
Upon virus challenge, a series of complex biochemical and intermolecular interactions 
occur between viral and host components, most of which are not fully understood. These 
interactions cause physiological changes within infected plants that eventually result in the 
appearance of specific symptoms and diseases. Understanding the molecular basis of the 
interaction between virus and host has been a major aspect of plant virology for decades. One 
avenue of research is focused on investigating how viruses achieve infection and cause 
disease, what we call viral pathogenesis and the other direction is focused on changes in host 
plant that result in disease, what we call symptomatology. Both directions are mutually 
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entangled aspects of plant virology and advances in knowledge of either field contribute to 
the understanding of the other. 
1.2.1 Potyvirus 
The genus Potyvirus is the largest group within the largest plant virus family, the 
Potyviridae (Ward and Shukla, 1991). This genus contains at least 180 members, which is 
about 30% of all known plant viruses. The potyviruses infect a broad range of plant species 
and are responsible for significant losses in agricultural, pastural, horticultural, and 
ornamental crops worldwide (Ward and Shukla, 1991).  
Potyviruses have been included in the supergroup of picorna-like viruses base on their 
genome structures and gene expression strategy. Their virions are non-enveloped filamentous 
particles, usually 680 to 900nm long (Riechmann et al., 1992). The genomes of potyviruses 
are encoded on single-stranded, positive sense RNAs that are approximately 10kb in length. 
The 3’ end of each genomic RNA is polyadenylated, and the 5’ end is covalently bound to a 
protein termed the VPg (genome-linked virus protein) (Figure 1.1) (Shahabuddin et al., 1988; 
Murphy et al., 1990; Murphy et al., 1990). The translation of potyviruses is cap-independent 
because they lack a 5’ m7Gppp cap, which is found on cellular mRNAs. It was previously 
thought that translation of the potyvirus RNA by host ribosomes was initiated by recognition 
of an internal AUG codon by a leaky scanning mechanism (Riechmann et al., 1991). 
However, using Tobacco etch virus (TEV) as a model, it has been shown that the 143 bases 
in the 5’ untranslated leader have properties consistent with an internal ribosome entry site 
(Niepel and Gallie, 1999; Di Serio et al., 2001; Gallie, 2001). Therefore, potyvirus genomic 
RNA appears to recruit ribosomes directly to the AUG start codon to initiate translation. 
As shown in Figure 1.1, the RNA genomes of potyviruses contain a single open reading 
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frame (ORF) encoding a large polyprotein precursor (340 to 370 kilodaltons) that is 
processed by three virus-encoded proteinases to yield 9 to 10 mature proteins. These proteins 
are denoted as P1, helper component-proteinase (HC-Pro), P3, cylindrical inclusion (CI), 
nuclear inclusion a (NIa), nuclear inclusion b (NIb), capsid protein (CP), and putative 
proteins known as 6K1 and 6K2 (Riechmann, et al., 1992). Two of the proteinases, P1 and 
HC-Pro, catalyze only autoproteolytic reactions at their respective C termini (Carrington et 
al., 1989; Verchot et al., 1991). The remaining cleavage reactions are catalyzed by either 
trans-proteolytic or autoproteolytic mechanisms by the NIa proteinase. Numerous studies 
have investigated the functions of the potyvirus proteins in the virus infection cycle and it is 
striking to note that most of them appear to be multifunctional. A summary of the known and 
possible functions of each protein is shown in Table 1.1.  
TEV has been one of the model viruses for the study of potyvirus pathogenesis because 
of the availability of its full length genome sequence and its ability to infect the model plant 
tobacco (Allison, 1986). Recently, Turnip mosaic virus (TuMV) also garnered a lot of 
attention for its damage to Brassica plants. TuMV infects a variety of plant species, mostly 
cruciferous plants, and it is probably the most widespread potyvirus infecting both crop and 
ornamental species of plants (Shattuck, 1992; Petrzik and Lehmann, 1996) . TuMV is most 
damaging to Chinese cabbage, turnip, mustard, and radish and was ranked second only to 
Cucumber mosaic virus (CMV), an unrelated virus, for infecting field-grown vegetables 
(Tomlinson, 1987). Insecticidal spray to reduce TuMV spread in crop fields is generally not 
effective because it is transmitted non-persistently by aphids (Tomlinson, 1987). Resistant 
cultivars of Chinese cabbage are available, but none are resistant to all 5 strains known to 
occur in this crop (Jenner et al., 2002). TuMV is also able to infect and cause severe disease 
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in the model plant A. thaliana (Sanchez et al., 1998). The TuMV-A. thaliana pathosystem is 
becoming one of the major model systems for the study of compatible potyvirus-plant 
interactions. Molecular tools and resources, such as the availability of a TuMV infectious 
clone (Sanchez et al., 1998) and the whole genome sequence of A. thaliana (Initiative, 2000), 
enable a variety of molecular biology, genetic, physiological, and biochemical studies to be 
performed. 
1.2.2 Direct Interaction between Potyviruses and Plants  
Potyviruses are predominantly transmitted by aphids in a non-persistent manner 
(Shattuck, 1992). They are introduced into the plant symplast through mechanical wounding 
caused by the aphid stylet. As with other plant viruses, there is no evidence that attachment 
of virions to specific surface receptors is required as is known for viruses of animal or 
bacterial hosts. Most positive-stranded RNA plant viruses multiply in the cytoplasm where 
they are uncoated to make their genomic RNA accessible to the cellular translational 
machinery. Taking Turnip yellow mosaic virus (TYMV) as an example, a large proportion of 
genomic RNA is released within two minutes after inoculation from virions in epiderm cells 
(Matthew, 1985). Although much RNA is degraded, some full-length molecules are retained. 
Numerous studies have been undertaken to investigate how viral components recruit 
and/or interact with host cellular factors to complete their infection cycles. While many of 
the viral components involved in entry, replication, encapsidation, and movement have been 
identified, there are still major contributions from the host that are yet to be elucidated. To 
date, it has been demonstrated that potyviruses recruit host translation initiation factors 
through VPg protein and inhibit RNA silencing-mediated antiviral defense via the HC-Pro 
protein, which has been shown to be a RNA silencing suppressor.  
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Recruitment of Host Translation Machinery 
Viruses use unconventional means to initiate their translation by utilizing 5’, 3’, or 
internal RNA sequences and/or additional viral factors. As for potyviruses, the VPg domain 
of NIa, which is covalently attached to 5’ end of viral RNA genome, is essential for the 
recruitment of host translation initiation complex. Several studies have shown that VPg 
interacts with translation initiation factors eIF(iso)4E (eukaryotic initiation factor (iso)4E), 
eIF4E and PABP (poly(A)-binding protein) (Wittmann et al., 1997; Leonard et al., 2004; 
Khan et al., 2006; Beauchemin et al., 2007). In the wheat germ system, Khan and colleagues 
(2006) demonstrate that VPg may function as a cap analog and enhance formation of an 
eIFiso4F complex with viral internal ribosomal entry sites. Mutations in the eIF(iso)4E-
interacting domain of VPg lead to loss of virus infectivity (Leonard et al., 2000). 
Interestingly, alleles of plant eIF(iso)4E genes confer recessive resistance to TuMV infection 
(Duprat et al., 2002; Lellis et al., 2002), suggesting an important role of the interaction 
between VPg and eIF4E for viral RNA translation.  
Besides diverting the host translation initiation factors, VPg protein may also function 
as a ribonuclease to turn off host mRNA accumulation. Recent experimental evidence 
suggests that the TuMV VPg protein - as well as the Norwalk virus VPg protein - has a 
ribonucleolytic activity that results in RNA degradation in both wheat germ extract and 
rabbit reticulocyte lysate systems. The degradation of host mRNA would result in a shutoff 
of host gene expression. These experiments suggest that VPg may contribute to the host 
RNA translation shutoff associated with many virus infections (Cotton et al., 2006). 
Inhibition of Host RNA Silencing/RNA Interference (RNAi) Pathway 
RNA silencing or RNA interference (RNAi) is a conserved mechanism among 
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eukaryotes that regulates gene expression. It is triggered by double-stranded RNAs (dsRNAs) 
or RNAs with stem-loop structure. In plants, Dicer-like proteins (DCL), RNase III enzymes, 
catalyze the cleavage of dsRNAs to produce small interfering RNAs (siRNAs) or 
microRNAs (miRNAs). These 21-25 nucleotide RNAs are then incorporated into Argonaute 
(AGO) enzymes, to direct the cleavage of complementary single-stranded RNAs. RNA 
silencing is involved in many important biological processes including development, 
maintenance of genome stability, and defense and stress responses. In the process of virus 
infection, virus replication intermediates or regions of the viral genome containing sufficient 
secondary structure give rise to dsRNAs. These dsRNAs induce the production of virus-
specific siRNAs (vsRNAs). vsRNAs are then integrated into silencing complexes that target 
viral RNA for degradation and inactivation. To escape from the RNAi-mediated antiviral 
defense, plant viruses encode highly diverse silencing suppressor proteins (Roth et al., 2004; 
Silhavy and Burgyan, 2004).  
HC-Pro of potyviruses has been reported in many studies as a strong RNA silencing 
suppressor (Anandalakshmi et al., 1998; Kasschau and Carrington, 1998; Llave et al., 2000; 
Johansen and Carrington, 2001; Hamilton et al., 2002; Silhavy and Burgyan, 2004). 
Potyvirus P1/HC-Pro suppresses the establishment of or reverses both transgene-induced and 
virus-induced gene silencing (Anandalakshmi et al., 1998). HC-Pro inhibits siRNA 
processing from dsRNA precursors and inhibits activity of the RNA-induced silencing 
complex (RISC) (Mallory et al., 2002; Dunoyer et al., 2004). Transgenically expressed 
P1/HC-Pro of Potato virus Y (PVY) causes a significant reduction of the 21 nt siRNAs 
(Mallory et al., 2001; Dunoyer et al., 2004). Similar results have been obtained by transient 
expression of HC-Pro of TEV (Hamilton et al., 2002). Further investigations have shown that 
 8
HC-Pro has dsRNA binding ability and it may prevent RISC assembly through siRNA 
sequestration (Lakatos et al., 2006; Merai et al., 2006). In addition, miRNA accumulation is 
also greatly altered in transgenic Nicotiana tabacum and A. thaliana expressing HC-Pro 
(Mallory et al., 2002). HC-Pro prevents the cleavage of miRNA targets and results in 
developmental defects that phenocopy dcl1 (dicer-like 1) mutants  (Kasschau et al., 2003; 
Dunoyer et al., 2004). It is postulated that HC-Pro interferes with the host miRNA regulation 
due to the similarity of the siRNA and miRNA pathways. 
Other Interactions 
Besides the interaction with translation initiation factors, potyvirus VPg protein is also 
found to interact with another cellular factor that was initially identified in pea, called 
Potyvirus VPg-interacting protein (PVIP). Silencing of the gene encoding PVIP in A. 
thaliana resulted in reduced susceptibility to TuMV infection. The reduced ability of TuMV 
to infect these plants was attributed to reduced cell-to-cell and systemic movement rather 
than reduced virus replication (Dunoyer et al., 2004) suggesting PVIP may function as an 
ancillary factor for potyvirus movement in plants. 
Beside its RNA silencing suppressor activity, HC-Pro is also reported to interfere with 
the 20S proteasome. The proteasome is a large protein complex that degrades unneeded 
proteins and RNAs. Intracellular pathogens are usually their targets. Lettuce mosaic virus 
(LMV) infection caused an aggregation of the 20S proteasome in vivo, and HC-Pro could 
specifically bind to the proteasome in vitro. In vitro assays also demonstrated that HC-Pro 
did not affect 20S proteolytic activities while did inhibit its endonuclease activity. (Ballut et 
al., 2005). This suggested a new strategy of defense and counter-defense between potyviruses 
and their hosts.  
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The NIb protein, which is the RNA dependent RNA polymerase (RdRp) of potyviruses, 
is believed to be associated with the host translational apparatus. To date, only a poly-(A) 
binding protein (PABP) is identified to interact with the RdRp of Zucchini yellow mosaic 
virus (ZYMV). PABP interacts with initiation factor eIF4G, and this interaction circularizes 
mRNA, which is required for efficient translation of mRNA. Deletion analysis has shown 
that the C-terminus of the PABP is necessary and sufficient for interaction with the RdRp 
even in the absence of polyadenylated RNA (Wang et al., 2000). At the present time, the 
biological function of this interaction is not elucidated. Sequence comparisons also suggest 
that NIb may contain a putative retinoblastoma protein (pRb) binding motif, but the NIb 
proteins from Potato virus V and Potato virus A failed to interact with maize or tobacco RBR 
proteins in yeast, suggesting NIb from potyviruss may not interact with plant RBR proteins 
(Oruetxebarria et al., 2002). 
The potyvirus CI protein is involved in viral replication and cell-to-cell movement. 
These two processes are expected to rely on multiple plant-virus interactions; however, little 
is known about the host factors that are required. The CI protein from Plum pox virus (PPV) 
was shown to interact with the photosystem I PSI-K protein of Nicotiana benthamiana by 
yeast two-hybrid assay. Co-expression of PPV CI was shown to cause a decrease in the 
accumulation level of PSI-K transiently expressed in N. benthamiana leaves. Further analysis 
demonstrated higher PPV accumulation in PSI-K silenced N. benthamiana plants and A. 
thaliana PSI-K gene knockout plants, suggesting a negative effect of CI-PSI-K interaction on 
PPV infection (Jimenezet al., 2006). 
The 6K1 peptide is one of the two smallest peptides encoded by the potyvirus genome. 
Immunogold labeling of thin sections from infected leaves of Pinellia ternata localizes 6K1 
 10
protein at the cell periphery, indicating a possible role of 6K1 protein in viral cell-to-cell 
movement (Hong et al., 2007). The 6K2 protein is membrane associated, and it is thought to 
initiate the binding of potyvirus replication complexes on endoplasmic reticulum (ER) -like 
membranes through a central 19-amino-acid hydrophobic domain (Schaad et al., 1997). The 
potyvirus coat protein (CP) is involved in aphid transmission, cell-to-cell movement and 
virus assembly. CP binds viral RNA and also interacts with itself. To date, no host factor that 
interacts with the CP has been identified. 
1.2.3 Altered Host Gene Expression in Response to Virus Infection 
Successful viral infection is usually accompanied by deleterious side effects on host 
plant growth. Upon virus challenge, susceptible host plants experience a series of 
physiological and biochemical changes that eventually result in plant disease symptoms. At 
the molecular level, disease reflects, in part, the altered expression of genes that affect 
various aspects of plant metabolism. To dissect the signal pathway leading to disease, it is 
necessary to identify host genes with altered expression and decipher how and why the 
changes occurred. Techniques that have been used to identify the host gene-expression 
changes are basically in situ hybridization methods dealing with individual genes and 
microarray methods that allow global profiling of host mRNA transcripts (Whitham et al., 
2006). 
The system of Pea seed-borne mosaic virus (PSbMV) and pea cotyledon has been 
utilized for the study of host gene expression in relation to the virus invasion front (Wang 
and Maule, 1994). Active replication of PSbMV in pea cotyledon cells was associated with 
decreased expression of five genes encoding the pea seed storage proteins and four genes 
involved in starch biogenesis (Wang, 1995). This group also determined that genes encoding 
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HSP70 and polyubiquitin are up-regulated by PSbMV replication (Aranda et al., 1996). 
However, this technique is cost ineffective and only allows the expression of a limited 
number of genes to be monitored in an experiment. Therefore, it is difficult to obtain the 
global perspective of host response at the molecular level from the limited information 
obtained by this method.  
Microarray technologies allow the detection of a large number of genes in a single assay. 
Thousands of DNA probes can be arrayed onto a single glass or silicon substrate, which 
forms the microarray. For example, the GeneChip Arabidopsis ATH1 oligonucleotide array, 
which was used in my studies, contains about 22,500 probe sets which allow the detection of 
up to 24,000 A. thaliana genes. To date, microarray-based studies of virus-host interactions 
have utilized the model dicot hosts A. thaliana and N. benthamiana, and the model monocot 
host rice and have involved intact viruses or individual viral components. Combined with 
other genetic methods, several functionally-related groups of genes have been shown to be 
induced or suppressed in plant-potyvirus interactions.  
Defense-like and stress-like responses 
Using microarray analysis to monitor the global gene alteration in response to viral 
infection, two groups of genes are repeatedly identified as induced in various plant virus-host 
interactions. They are defense-related genes, represented by pathogenesis related (PR) genes, 
and stress-related genes, represented by the heat shock protein (HSP) genes. 
The defense-related genes include pathogenesis-related (PR) genes such as PR-1, PR-2 
(β-1,3 glucanase), PR-3 (chitinase), PR-4, and PR-5 (thaumatin-like protein). In addition, 
genes associated with redox status such as superoxide dismutase and glutathione S-
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transferases, resistance gene homologs, and other genes of unknown function that are co-
induced with the PR genes are also included in this category. In general, a signaling pathway 
involving salicylic acid (SA) is required for the induction of PR genes and other defense-
associated genes and is activated during susceptible interactions between plant and viruses 
(Huang et al., 2005; Love et al., 2005).  
HSPs are a group of molecular chaperones that function in the establishment of proper 
protein conformation and prevent protein aggregation. HSPs perform diverse tasks in 
response to cellular stress as well as in normal growth and development. The induction of 
HSP70 in plant cells in response to a viral pathogen was first demonstrated by in situ 
hybridization in pea embryos (Aranda et al., 1996). More recent microarray analyses of 
interactions of five different positive-stranded RNA viruses, CMV, ORMV, Turnip vein 
clearing virus (TVCV), Potato virus X (PVX), and TuMV with susceptible A. thaliana leaves 
provided further evidence that the induction of heat shock genes in response to viral infection 
is indeed a common occurrence (Whitham et al. 2003). In addition, this study extended the 
list of virus-induced HSPs to members of the small HSPs, HSP70, HSP90, and HSP100 
families of HSPs. HSP70 and HSP83 (an HSP90 homolog) are also induced in N. 
benthamiana in response to the negative-strand RNA viruses, Sonchus yellow net virus 
(SYNV), and Impatiens necrotic spot virus (INSV). INSV, which is more aggressive than 
SYNV in N. benthamiana, also induces the expression of additional small HSPs and HSP70 
homologs (Senthil et al., 2005). 
Induction of PR and HSP genes may be considered to be generic cellular stress responses 
because of the lack of specific elicitors that induce them (Aparicio et al., 2005). For example, 
it seems that plant viruses may trigger the induction of specific subset of HSPs in response to 
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the high-level accumulation of non-native virus-specific proteins in the host cytoplasm 
(Aparicio et al., 2005). It was postulated that viral proteins may lead to an unfolded protein 
response in the cytoplasm. 
Mis-regulation of genes involved in plant growth and development 
Developmental defects (i.e. disease symptoms) are typical consequences of most virus 
infections. It is believed that the root cause of disease symptoms is the mis-regulation of 
genes involved in plant growth and development. Accumulating evidence indicates that 
interference with phytohormone signaling pathways and small RNA regulation are two likely 
means by which viruses affect plant growth and development.  
To date, there is no direct evidence that potyviruses perturb any particular phytohormone 
signaling pathway. However, direct links between auxin signaling and giberellic acid (GA) 
levels have been established for TMV and Rice dwarf virus (RDV), respectively. The 
helicase domain of the TMV 126- and 183-kDa replicase proteins interacts with the 
Aux/indole 3-acetic acid (IAA) transcription factor IAA26 (Padmanabhan et al., 2005). 
Silencing of IAA26 resulted in plants with phenotypes similar to those infected with TMV, 
indicating that interaction with TMV replicase caused a loss of IAA26 function 
(Padmanabhan et al., 2005). It is postulated that the TMV replicase functions as an auxin 
mimic by diverting IAA26 from the nucleus where it normally interacts with and inhibits 
certain auxin response factors (ARFs). ARFs are free to modulate transcription of the 
downstream target genes in the presence of auxin and TMV replicase.  
With respect to giberellic acid, Zhu and associates (2005) demonstrated that P2 protein 
of RDV interacts with four different ent-kaurene oxidases or oxidase-like proteins by yeast 
two-hybrid assay. ent-kaurene oxidases catalyze a step in the synthesis of giberellic acid 
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(GA), and ent-kaurene oxidase mutant rice plants are deficient in GA (Zhu et al., 2005). In 
addition, this mutant rice possesses a phenotype similar to symptoms caused by RDV 
infection and symptoms that could be alleviated by GA application. Therefore, it is likely that 
RDV infection leads to a mis-regulation of GA-responsive genes. 
As discussed above, many plant viruses encode silencing suppressor as a counter-
defense strategy to overcome antiviral RNA silencing. When viral silencing suppressors 
inhibit RNA silencing-mediated host defense, they can simultaneously interfere with other 
endogenous RNAi regulatory networks, such as the miRNA pathway, which play crucial 
roles in plant development (Dunoyer et al., 2004). The targets of miRNAs are frequently 
transcription factors, and if their regulation is disrupted this can lead to mis-expression of 
their targets. Currently, there is not much information available about the target genes that 
are transcriptionally controlled by these small RNA-regulated transcription factors. We 
recently reported the decreased expression of genes involved in cell wall growth and 
chloroplast-related genes (Yang et al., 2007). We postulated that the stunted growth and the 
chlorotic appearance of the TuMV-infected plants may be due to the down-regulation of such 
genes. Almost simultaneously, these two groups of down-regulated genes were also 
identified in the rice-RDV interaction (Shimizu et al., 2007) and the down-regulation of 
plastid-related genes was reported in the interaction of Nicotiana benthamiana and three fruit 
tree viruses (Dardick, 2007). These data suggest that decreased expression of cell wall and 
chloroplast biogenesis is a common phenomenon in plant virus infection. However, no 
evidence obtained to date can link the decreased mRNA accumulation of the two suites of 
genes to viral interference with phytohormones signaling or miRNA functions. 
Induction of ribosomal protein genes and proteasome proteins genes 
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We also identified two new functional classes of induced genes, ribosomal protein (r-
protein) genes and proteasome genes. At least 69 genes associated with the ribosome, which 
mostly encode constituents of either the 60S or 40S ribosomal subunits, are induced in 
proportion to TuMV accumulation. The genes encoding proteasome proteins include seven 
subunits of the 20S core proteasome, UMP1 (a chaperone required for 20S proteasome 
assembly), two AAA-ATPases that reside in the mature 26S proteasome, and four genes 
involved in ubiquitination. The ubiquitination genes encode polyubiquitin, ubiquitin 
extension protein, ubiquitin conjugating-like protein, and an E1 ubiquitin-like activating 
protein. These data demonstrate that a suite of genes that control the balance of cellular 
protein synthesis and fate are up-regulated in response to TuMV (Yang et al., 2007). 
Interestingly, in a study comparing transcript profiling of N. benthamiana leaves infected 
with three fruit tree viruses, up to 72 genes encoding proteins of the cytosolic ribosome are 
uniquely induced by PPV, but not Tomato ringspot virus (ToRSV), and Prunus necrotic 
ringspot virus (PNRSV) (Dardick, 2007). The induction of these two groups of genes may 
reflect a cellular response needed to control the balance of cellular protein synthesis and fate 
when there is unusual accumulation of non-native viral proteins.  
1.3 Dissertation Organization 
This dissertation consists of five chapters. Chapter 1 is a general introduction, in which, I 
have reviewed literature that is most relevant to our current understanding of compatible 
potyvirus-plant interaction with an emphasis on the studies focusing on the plant side of these 
interactions. In chapter 2, an infectious clone of TuMV tagged with the green fluorescent 
protein was used as a guide to dissect the TuMV infection foci within A. thaliana leaves into 
four distinct zones. RNA extracted from each of these four zones was used in microarray 
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analysis in order to determine how TuMV affects the expression of host genes within an 
infected leaf in space and time. This strategy provided a significant advantage over preceding 
microarray studies that utilize RNA samples from whole leaves which include heterogeneous 
mixtures of uninfected and infected cells. This increased spatial resolution allowed me to 
identify new functional classes of A. thaliana genes with altered expression in response to 
TuMV infection. In Chapter 3, a suite of TuMV-down-regulated cell wall genes was studied. 
I hypothesized that the mis-regulation of this group genes underlies the stunted growth of A. 
thaliana plants infected with TuMV.  My attempts to address the potential functions of cell 
wall genes in virus-infected plants led to the surprising observation that at least some of these 
genes are down-regulated in response to viral infection by a post-transcriptional mechanism 
that is dependent upon key components of the RNA silencing system. To my knowledge, this 
study is the first to provide direct evidence that a virus induced RNAi pathway mediates mis-
regulation of host genes related to disease symptoms. In Chapter 4, I investigated the 
functional role of several r-proteins in the process of virus infection. Among the five r-
proteins studied, RPS6 is unique because it is differentially required by TuMV and TMV, 
possibly due to their distinct translation initiation strategies and the unique contribution of 
RPS6 to ribosome function. In Chapter 5, the general conclusions from these three studies are 
summarized, and future directions for research derived from this work are discussed. 
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Table 1.1 : Potyvirus proteins and their known or possible functions.  
Proteins Function(s) 
P1 Proteinase (autocleavage); Symptom development; Cell-to-cell movement. 
HC-Pro Proteinase (autocleavage); Aphid transmission; Genome replication; Silencing suppressor; 
Symptom development; Cell-to-cell movement 
P3 Unknown (possible role in replication) 
CI Genome replication (ATPase/RNA helicase); Membrane attachment; Cell-to-cell movement 
CP Virus assembly; Aphid transmission; Cell-to-cell movement; Systemic movement 
NIa-VPg Genome replication (Primer for initiation of RNA synthesis); Host specificity 
NIa-Pro Major Proteinase 
NIb Genome replication (RNA-dependent RNA polymerase) 
6K1& 6K2 Unknown (possible roles in: RNA replication; Regulatory function inhibiting NIa nuclear 
translocation; Membrane anchoring of replication machinery) 
 
 
 
 
 
 
Figure 1.1: Organization of the potyvirus genome. The polyprotein is boxed and the size of 
each protein is noted above. Vertical arrows are at which cleavage occurs and above is the 
proteinase mediated the cleavage.  
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CHAPTER 2  
SPATIAL ANALYSIS OF ARABIDOPSIS THALIANA GENE 
EXPRESSION IN RESPONSE TO TURNIP MOSIAC VIRUS 
INFECTION 
Adapted from a paper published in Molecular Plant Microbe Interaction 
Chunling Yang, Rong Guo, Dan Nettleton, Jiqing Peng, and Steven A. Whitham 
2.1 Abstract  
Virus-infected leaf tissues comprise a heterogeneous mixture of cells at different stages 
of infection. The spatial and temporal relationships between sites of virus accumulation and 
the accompanying host responses, such as altered host gene expression, are not well defined. 
To address this issue, we utilized Turnip mosaic virus (TuMV) tagged with the green 
fluorescent protein to guide the dissection of infection foci into four distinct zones. The 
abundance of Arabidopsis thaliana mRNA transcripts in each of the four zones then was 
assayed using the Arabidopsis ATH1 GeneChip oligonucleotide microarray (Affymetrix). 
mRNA transcripts with significantly altered expression profiles were determined across 
gradients of virus accumulation spanning groups of cells in and around foci at different 
stages of infection. The extent to which TuMV-responsive genes were up- or downregulated 
primarily correlated with the amount of virus accumulation regardless of gene function. The 
spatial analysis also allowed new suites of coordinately regulated genes to be identified that 
are associated with chloroplast functions (decreased), sulfate assimilation (decreased), cell 
wall extensibility (decreased), and protein synthesis and turnover (induced). The functions of 
these downregulated genes are consistent with viral symptoms, such as chlorosis and stunted 
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growth, providing new insight into mechanisms of pathogenesis. 
2.2 Introduction 
Viral pathogenesis is accompanied by a variety of changes in plant gene expression that 
likely reflect the ways that viruses generically and specifically interact with host cells (Maule 
et al., 2002; Golem and Culver, 2003; Whitham et al., 2003; Lecellier and Voinnet, 2004; 
Whitham and Wang, 2004; Huang et al., 2005). Altered expression of some host genes may 
be required for basic compatibility, such as the induction of proliferating cell nuclear antigen 
by geminivirus replication proteins (Nagar et al., 1995; Hanley-Bowdoin et al., 2000). Other 
gene expression changes, such as those caused by interference with miRNA functions, may 
be coincidental as viruses invade rapidly growing tissues and cause characteristic changes in 
plant phenotype (i.e. disease symptoms) (Chapman et al., 2004; Chen et al., 2004; Dunoyer et 
al., 2004). It has recently become clear that viral proteins also contribute to altered host gene 
expression and symptoms in ways that are independent of miRNA function. For example, 
certain plant viruses can specifically interfere with auxin signaling or giberellin accumulation 
(Padmanabhan et al., 2005; Zhu et al., 2005). At the present time, it is unclear if interference 
with the function or activity of these hormones is coincidental or if they are important to 
specific viral infection processes.  
Along with specific responses to viruses, some studies have shown that there are 
general responses to different viruses that occur in susceptible hosts (Whitham et al. 2006). 
Generic gene expression changes include induction of defense-related genes such as 
pathogenesis-related (PR) genes and heat shock (HS) genes (Whitham et al., 2003). Increased 
expression of defense-related genes, such as PR-1 and BGL2 (β-1,3-glucanase 2), requires 
salicylic acid (SA) demonstrating that compatible host-virus interactions elicit a key defense 
 24
signaling pathway (Huang et al., 2005). Viral infection also induces the expression of a 
discrete set of HS genes, which are a subset of those that are induced during heat stress. The 
induction of HS genes, including HSP70, may be a general response to unfolded or mis-
folded viral proteins as they accumulate and aggregate in the cytoplasm (Aparicio et al., 
2005). The nature of genes that are repressed and the extent to which they become down-
regulated by plant virus infection is relatively unexplored, although it is known to occur 
(Wang and Maule, 1995). 
Analyses of host-pathogen interactions are complicated by the fact that infected 
leaves comprise a heterogeneous mixture of host responses as pathogens spread from the 
primary inoculated cells. In the case of viruses, this heterogeneity occurs because infection is 
a continuous process beginning with virions entering a plant cell, followed by propagation of 
viral progeny, and local movement to adjacent cells. The radial pattern of movement typical 
of many viruses results in foci containing a continuum of cells at different stages of infection. 
Cells at the center of foci have been colonized the longest time, the most recently infected 
cells are at the periphery, and the surrounding cells are not yet infected but may already be 
under the influence of a rapidly spreading virus (Maule et al., 2002). Within these foci, viral 
RNA and protein products accumulate, often to extreme levels relative to most cellular RNAs 
and proteins, and influence the host as they perform the variety of functions needed for 
successful infection (Carrington and Whitham, 1998; Voinnet, 2001; Maule et al., 2002; 
Lecellier and Voinnet, 2004; Whitham and Wang, 2004).  
The progressive and asynchronous effects of viral infection on host gene expression 
have been investigated previously by in situ hybridization. These studies correlated sites of 
accumulation of both (+) and (-) strands of viruses with host gene expression changes 
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occurring in pea and squash cotyledons (Wang and Maule, 1995; Aranda et al., 1996; Escaler 
et al., 2000; Maule et al., 2002). Predictable responses were associated with viral infection, 
such as the induction of HSP70 as well as the suppression of host genes. In pea and squash 
cotyledon systems, most of these changes occurred at sites containing the most active viral 
replication and moved as a wave across the cotyledon along with the virus replication front. 
Though these studies have provided exquisite resolution at the cellular level, they could not 
provide a global picture of host gene expression occurring in true leaves. Furthermore, the 
complexity of host responses is compounded by systemic movement, as the virus life cycle 
repeats itself in various plant tissues spanning a developmental gradient, which cannot be 
tested in the cotyledon system. 
Here, we explored the altered expression profiles of host genes in relation to the 
spatial and temporal distribution of Turnip mosaic virus (TuMV; genus Potyvirus) infection 
sites in leaves of Arabidopsis thaliana plants and identified new suites of host genes with 
altered expression profiles in response to infection. TuMV was selected for these studies, 
because of its pathogenicity in A. thaliana, the availability of an infectious clone expressing 
GFP, and our previous data on its effects on host gene expression (Whitham et al., 2003). In 
order to obtain spatial and temporal information, TuMV tagged with GFP (TuMV-GFP) was 
used to provide a non-destructive guide to dissect infected leaf tissue away from non-infected 
tissue. TuMV-GFP is a well-characterized recombinant virus that causes symptoms in 
susceptible A. thaliana ecotypes and is readily traceable in the presence of ultraviolet (UV) 
illumination (Sanchez et al., 1998; Lellis et al., 2002). This strategy provided a higher 
resolution picture of how host leaf cells respond to local infection across a spatial gradient. 
Using this approach, new groups of co-regulated genes were identified that are expected to 
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have roles in viral pathogenesis, and new insight into the spatial and temporal relationships 
of viral infection and host gene expression was obtained. 
2.3 Results 
Dissection of TuMV-GFP infection foci 
Considering the natural processes of viral replication and spread away from the initial 
inoculation sites, we hypothesized that host gene expression was not modified uniformly in 
infected leaves, but that there were spatial relationships between sites of virus accumulation 
and altered accumulation of host mRNA transcripts. To test this hypothesis, TuMV-GFP 
infection foci were dissected into four zones that separated virus-infected tissue away from 
non-infected tissue in inoculated leaves. In order to optimize the dissection strategy, a time 
course was established for expansion of GFP-fluorescent foci. Infection foci were well-
defined and expanded in a predictable manner in inoculated rosette leaves of Col-0 plants 
(Figure 2.1A and B). The growth in area of the foci was approximately linear with respect to 
time from 72 to 120 hours after infection (hai) (Figure 2.1B), and they continued to expand 
until becoming confluent due to extensive local and systemic movement by 168 hai. The 120 
hai time point was chosen, because the foci were rapidly expanding and their diameters were 
most ideal for the dissection strategy represented schematically in Figure. 2.1C. Four zones 
were defined based on the size of typical foci (approximately 4 mm in diameter) and the 1.2 
mm diameter Harris micro punch that was used for dissection. The cross section of the micro 
punch was estimated to be 26 to 30 epidermal cells in diameter, which is consistent with 
previous reports (Melaragno et al., 1993). Zone 0 is at the epicenter and the adjacent zone 1 
includes the remaining area of most intense GFP fluorescence. Zone 2 is at the periphery of 
the infection foci and possesses relatively weak GFP fluorescence, while zone 3 is distal and 
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has no direct contact to tissue displaying GFP fluorescence.  
According to the experimental procedure outlined in Figure 2.1D, seven to eight fully 
expanded leaves on each of five Col-0 plants were inoculated with TuMV-GFP and the 
corresponding leaves on another five plants were mock-inoculated. At 120 hai, a pair of 
TuMV-GFP-infected and mock-inoculated plants was randomly chosen, individual leaves 
were removed and exposed to UV light for dissection of foci. After sampling a leaf from a 
virus-infected plant, then the corresponding areas of a matching mock-inoculated leaf were 
dissected under UV illumination. This procedure was reiterated until all inoculated leaves 
were sampled from each pair of plants. Approximately, 100-200 punches were pooled for 
each of the eight combinations of zone and treatment within each of three biological 
replicates that were inoculated at one-day intervals. RNA was extracted from the 24 pools of 
leaf punches for amplification, labeling, and hybridization to Arabidopsis ATH1 genome 
arrays (Redman et al., 2004).  
Gene expression changes in relation to the accumulation of TuMV 
Strand-specific RT-PCR was used to determine the distribution of (+) and (-) sense 
TuMV RNA species across the four zones (Figure 2.2, upper panel). TuMV (+) strand RNA 
was most abundant in the center of the foci (zone 0) and its levels decreased in each of the 
successive zones with a dramatic drop off from zone 2 to 3. The accumulation of (-) strand 
RNA indicates sites where active replication is occurring (Wang and Maule, 1995), and it 
was most abundant in zone 0 and became undetectable in zone 3. These results demonstrate 
that TuMV replication was active in a decreasing gradient across zones 0, 1, and 2, but not 
yet occurring in zone 3. The amplification of the TuMV strands is shown relative to ACTIN8, 
which is not altered in its expression profile during TuMV infection (data not shown). 
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We were most interested in gene expression changes caused by virus treatment or the 
interaction of virus treatment and zone. The effects due to zone alone were not considered 
here, because of possible complications resulting from the sampling method, such as rapid 
wound responses. The signal intensities for each gene were obtained from Microarray 
Analysis Suite 5.0 (Affymetrix, Santa Clara, CA) and transformed by the natural logarithm. 
The data were then analyzed by a mixed model (Wolfinger et al., 2001; Chu et al., 2002) that 
used the Kenward-Roger method to determine denominator degrees of freedom (Kenward 
and Roger, 1997) (see Materials and Methods). At the 5% false discovery rate (FDR) 
threshold (q < 0.05), 453 genes were identified as differentially expressed between TuMV 
and the mock treatment when averaging over the zones, and 188 genes were identified as 
exhibiting patterns of expression across zones that differed significantly between treatments. 
In total, 556 unique genes with significantly altered expression profiles were identified. 
The lower panel of Figure 2.2 shows the results of hierarchical cluster analysis of 
these 556 genes in relation to accumulation of (+) and (-) strand TuMV RNA in each zone. 
The genes fall into two distinct categories, induced or suppressed, containing 330 and 226 
members, respectively. For both categories, the altered expression levels are most extensive 
in zones 0 and 1 with very few of them differing significantly from the mock-inoculated 
control in zone 3 in which the TuMV (-) strand was not detectable. This observation indicates 
that most gene expression changes are localized and directly dependent upon the 
accumulation of TuMV. The expression profiles of the significant genes are relatively 
constant across the four zones in the mock-inoculated leaves demonstrating that the genes 
selected by this analysis become altered due to the presence of viral infection and not 
because of the experimental procedures. A few genes appear to have relatively constant 
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expression across both mock-inoculated and TuMV-infected zones indicating that their 
expression did not change dramatically, but nevertheless, they met our statistical criteria. 
Functional classification of genes with altered expression in response to TuMV-GFP 
infection. 
To gain insight into the functions of genes with altered expression profiles in response to 
TuMV-GFP infection, the induced and suppressed gene sets were classified according to the 
Gene Ontology (GO) cellular component (Berardini et al., 2004) and the Munich Information 
Center for Protein Sequences (MIPS) functional classification (Schoof et al., 2004) (Figure 
2.3A and B, respectively). The GO cellular component indicates where in a cell a gene 
product is known or suspected to localize and the MIPS functional class indicates its known 
or suspected function. We used the MIPS functional class instead of the GO functional class 
to be consistent with our previous work (Whitham et al., 2003; Huang et al., 2005). As 
expected, genes representing a spectrum of predicted functions and cellular locations were 
identified for both the induced and down-regulated gene sets. The proportions of induced or 
down-regulated genes are decidedly skewed in some functional classes or cellular locations. 
For example, down-regulated genes known or predicted to have cell wall and extracellular 
localization are significantly overrepresented when compared the induced gene set (Figure 
2.3A). Genes encoding proteins predicted to reside in these locations include such known or 
suspected cell wall modification enzymes as xyloglucan endotransglycosylase/hydrolases 
(XTH6; At5g65730), pectinesterase (PME3, At3g14310), and expansin (EXP10, At1g26770). 
These genes along with others listed in Table S1A constitute a suite of cell wall modification 
genes whose expression levels dramatically decreased in response to TuMV infection. The 
chloroplast is another cellular compartment in which the down-regulated genes are 
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overrepresented. These genes include proteins with functions in light harvesting, 
photosynthesis, sulfur assimilation, and starch metabolism. In concordance with this 
observation is that the MIPS function metabolism is comprised largely of down-regulated 
genes (30 genes; Figure 2.3B) of which 11 are predicted to encode proteins localized to the 
chloroplast. 
 The identification of down-regulated genes involved in sulfur assimilation in the 
chloroplast led us to further investigate the effects of TuMV on the expression of genes 
involved in both sulfur assimilation and utilization (Table S1). Interestingly, genes along the 
entire pathway from sulfur uptake to incorporation into defensive compounds, such as 
methionine-derived glucosinolates, are affected by TuMV infection. Beginning with sulfate 
uptake, both low affinity (SULTR2;1, At5g10180) and high affinity (SULTR4;2, At3g12520) 
transporters are down-regulated. Genes that are predicted to function downstream of the 
transporters that assimilate inorganic sulfate into the amino acids cysteine and methionine are 
down-regulated including APS1 (At3g22890; ATP sulfurylase), APR1 (At4g04610; APS 
reductase), a cysteine synthase homolog (At5g28020), and a gene encoding a key enzyme in 
the biosynthesis of methionine, cystathionine beta-lyase. Continuing along the pathway to 
methionine-derived glucosinolates, decreased expression is also observed for MAM1 
(At5g23010), which catalyzes the first committed step in the synthesis of homomethoinine, 
and at least two genes (At4g13770, CYP83A1 monooxygenase and At4g03060, 2-
oxoglutarate-dependent dioxygenase) involved in the synthesis of 2-propenyl-glucosinolate 
and 3-benzoyloxypropyl-glucosinolate from homomethionine. These results indicate that 
TuMV interferes with the ability of A. thaliana plants to acquire and utilize sulfur, which 
would have deleterious effects on plant growth, development, and defense.  
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Consistent with previous data (Whitham et al., 2003), the induced genes are 
overrepresented in the category of cell rescue, defense, and virulence including HS genes and 
defense-related genes (Figure 2.3B). Table S2 contains a list of induced genes, their 
annotation, and highlights those genes that were also identified in Whitham et al. (2003). 
Strikingly, two new functional classes of induced genes were identified that are involved in 
protein synthesis and protein fate (Figure 2.3B). With regard to protein synthesis, nearly one-
quarter (80 of the 330) of the induced genes encode proteins assigned to the ribosome (Figure 
2.3A). The ribosome-associated proteins correspond to all the genes in the protein synthesis 
MIPS functional class (Figure 2.3B). The overrepresentation of protein synthesis genes in the 
induced gene set was highly significant (p < 0.0001 using Fisher's exact test; Fisher 1970). 
Sixty-nine of the protein synthesis genes are associated with ribosome biogenesis with most 
being constituents of either the 60S or 40S ribososomal subunits (Table S2). The increased 
expression of these ribosomal proteins demonstrates that their induction is coordinated in 
response to TuMV infection. The overrepresentation of protein fate genes, which comprise 
10% of the induced gene set, was also determined to be highly significant (p < 0.0001 using 
Fisher's exact test; Fisher 1970). These 32 genes encode proteins assigned to functions 
including protein targeting, sorting, and translocation (6 genes), assembly of protein 
complexes (11 genes), and protein degradation (14 genes). The genes associated with protein 
degradation encode seven subunits of the 20S core proteasome, UMP1 (a chaperone required 
for 20S proteasome assembly), two AAA-ATPases that reside in the mature 26S proteasome, 
and four genes involved in ubiquitination. The ubiquitination genes encode polyubiquitin, 
ubiquitin extension protein, ubiquitin conjugating-like protein, and an E1 ubiquitin-like 
activating protein. These data suggest that a suite of genes that control the balance of cellular 
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protein synthesis and fate are up-regulated in response to TuMV. 
Expression profiles of cell wall-related, defense and stress, and ribosomal protein genes 
across the spatial gradient of TuMV-GFP accumulation 
To better understand the spatial relationships between TuMV infection and the 
expression of host genes representative of the classes identified in the previous section, we 
plotted the expression levels of selected genes in mock-inoculated and TuMV-infected 
samples across the four zones (Figure 2.4). A complete list of the 556 genes grouped 
according to functional class and annotated with their spatial expression patterns is provided 
in Table S1A and S1B. The cell wall genes exemplified by XTH6, PME3, and EXP10 are all 
reduced in accumulation of mRNA transcripts (q < 0.05). The expression of these genes is 
reduced most extensively in zones 0 and 1 when compared to zones 2 and 3, whereas, it is 
uniform across the four zones in mock-inoculated leaves (Figure 2.4A). This observation 
demonstrates that there is a spatial relationship between viral infection and the reduced 
expression of this group of genes. To confirm the decreased expression of cell wall 
modification genes, the TuMV infections were repeated and zones 0 and 3 were dissected 
from the new foci as described for the microarray experiment. Quantitative reverse-
transcriptase PCR (qRT-PCR) assays were developed for XTH6 and PME3 and performed on 
mock-inoculated and TuMV-infected zones 0 and 3 at 5 dai. As expected, the log2 ratio of the 
expression in the TuMV-infected sample versus the corresponding mock-inoculated sample 
demonstrated that both genes were down-regulated in zone 0 (Figure 2.5A). 
 Defense-related genes, HS genes, and ribosomal proteins represent distinct functional 
groups of induced genes. BGL2 is a marker gene for SA-mediated defense responses in A. 
thaliana and its expression is associated with systemic acquired resistance (Bowling et al., 
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1994). In compatible host-virus interactions, increased BGL2 expression requires SA and 
additional components of defense signaling pathways, such as EDS1 (Huang et al., 2005). 
BGL2 expression was maximal in zone 0 and near the mock-inoculated baseline in zone 3 
(Figure 2.4B). HSPs, such as HSP70 and a HS transcription factor (HSF4), also have their 
peak expression in zones 0 and 1 and possess near baseline expression in zone 3 (Figure 
2.4B). These results demonstrate that increased expression of defense-related and HS genes 
is dependent on the presence of the virus and is not induced in advance of the viral infection 
in the inoculated leaves. Thus, TuMV does not induce systemic defense responses in advance 
of the viral infection front. Increased expression of these defense and HS genes has been 
observed previously in response to TuMV (Whitham et al., 2003), so we did not validate 
expression by qRT-PCR. 
The RPs and proteasome genes were not previously identified as being induced by 
plant viruses. The prototypical expression profiles of TuMV-induced RPs are exemplified by 
RPS6A (a constituent of the 40S subunit) and RPL13B and RPL19A (constituents of the 60S 
subunit) (Figure 2.4C). These genes were induced maximally in zone 0 with expression 
decreasing to baseline in zone 3. The expression profiles of members of the 20S core 
proteasome (PBB1 and PBE1) and UMP1 are shown in Figure 2.4D. These data demonstrate 
that RP and proteasome genes require the presence of the virus for their induction and shared 
a similar expression profile with the defense-related genes. qRT-PCR assays were developed 
for RPS6A, PBB1, and PBE1, which independently confirmed that mRNA transcript 
accumulation of these genes was increased in zone 0 (Figure 2.5A). Each of the RP genes 
shown in Figure 2.4C is a member of a multigene family. However, not every member of 
each family is necessarily induced by TuMV infection indicating that there is differential 
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regulation of expression among family members (data not shown). In the case of RPS6A and 
B, both members were induced significantly, whereas only two of the eight members of the 
RPL13 family were induced at our statistical threshold.  
It has been suggested that plant viruses may cause a general decrease in host gene 
expression (Wang and Maule, 1995). Figure 2.3 shows that TuMV induced the expression of 
more genes than it suppressed at the 5% FDR threshold, and specific functional classes of 
genes were preferentially induced or down regulated over others. It is possible that the data 
analysis procedures might have introduced a bias against identifying down-regulated genes, 
especially with respect to zone 0. This bias could occur because the data were scaled to an 
arbitrary threshold of 500 to allow comparisons across arrays. In an experiment where the 
majority of genes become down regulated, this could result in an under estimation of the fold 
change for down-regulated genes and an over estimation of the fold change for up-regulated 
genes. The agreement of the estimated fold change ratios derived from qRT-PCR for our 
selected genes when compared to those derived from microarray in zone 0 suggests that there 
is not a systematic bias introduced by the microarray analysis (Figure 2.5B). Thus, these data 
indicate that TuMV infection may not cause a global decrease in the accumulation of A. 
thaliana mRNA transcripts. However, it is not yet possible to draw conclusions about the 
global protein levels. 
2.4 Discussion 
TuMV infection modulates A. thaliana mRNA transcript in proportion to its 
accumulation. 
We coupled a macro-dissection approach with DNA oligonucleotide microarray profiling 
of mRNA transcript abundance to gain insight into the spatial and temporal relationships 
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between viral infection and host gene expression with a focus on TuMV, a potyvirus that 
causes severe symptoms in the Col-0 ecotype of A. thaliana. We defined four zones based on 
the average size of infection foci at 5 dai and the diameter of the micro punch used for 
dissection. TuMV accumulation was present in a decreasing gradient radiating from zone 0 
out to 2, with no evidence for replication or GFP accumulation yet in zone 3. Analysis of the 
expression profiles of genes for which mRNA transcript abundance was significantly altered 
enabled us to draw conclusions about when the expression of different functional groups of 
genes became altered with respect to the location of the virus in leaf tissues. Based on 
interesting functional groups of genes and their mRNA expression profiles, we propose a 
general model that describes the relationships between virus accumulation and modulation of 
host gene expression (Figure 2.6). Examples of up-regulated genes include those involved in 
basal host defense and stress responses and genes associated with protein synthesis and 
turnover that have the potential to act as host factors. Examples of down-regulated genes are 
those associated with chloroplast functions, sulfate utilization, or cell wall expansion. 
Decreased expression of these genes is expected to lead to physiological changes consistent 
with disease symptoms. Regardless of whether the genes were up or down-regulated, changes 
in mRNA transcript abundance were dependent on the amount of virus accumulation in a 
given cell or tissue and not on time after inoculation. 
The brief exposure to UV light was of potential concern in the dissection experiment, 
because it alone can cause significant and predictable changes in gene expression (Ulm and 
Nagy, 2005). We compared the 556 TuMV-responsive genes identified at the 5% FDR to 
those identified following exposure of A. thaliana to different wavelengths of light in the 
UV-B range (Ulm et al., 2004). There was no evidence that the altered transcript 
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accumulation was caused by UV light, because there was very little overlap of genes between 
the virus and UV light experiments. Combined with the fact that the virus-responsive genes 
were expressed at nearly constant levels across the four zones in the mock-inoculated control 
plants, we concluded that the brief exposure to UV light did not contribute to the differential 
expression of genes observed between the mock-inoculated and TuMV-infected plants. 
The spatial analyses confirmed effects on the host transcriptome that have been 
previously reported (Itaya et al., 2002; Golem and Culver, 2003; Whitham et al., 2003; 
Senthil et al., 2005), providing further support that the experimental approaches were sound. 
One major functional class of genes that was induced by viral infection is associated with cell 
rescue, defense, and virulence. Previous studies of infected A. thaliana and tomato leaves 
have revealed that as many as one-third of the genes commonly induced by viruses are 
known or predicted to be involved in plant defense and stress responses (Whitham, 2004). 
However, in the dissection study, only about one-tenth of the induced genes were in the 
defense and stress category. This discrepancy is probably due to the more effective sampling 
strategy that allowed additional genes to be identified other than those that most dramatically 
change in expression level. We found that the expression of defense and stress-related genes, 
such as PR and HS genes, did not occur in advance of the virus infection in whole plants or 
across spatial gradients in inoculated leaves (Figure 2.3B). Interestingly, these types of genes 
were induced most strongly later in cells or tissues where virus accumulation was most 
abundant. In compatible host-virus interactions, an SA-dependent pathway controls 
expression of a cohort of defense-related genes (Huang et al., 2005), but it has no effect on 
HS genes (Carr et al., 2006). The data presented here demonstrate that SA-dependent 
defense-like responses are not induced systemically ahead of TuMV or ORMV infection in 
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these compatible interactions. 
Current models for the spatial effects of viral infection on host gene expression are 
based on in situ hybridization of selected host genes in virus-infected cotyledons. These 
studies have led to the proposal that major changes occur at an early stage of infection, in the 
infected cells immediately adjacent to healthy cells (Maule et al., 2002). Our results indicate 
that most changes in mRNA transcript abundance occur most strongly later in TuMV 
infection and not necessarily in virus-infected cells that are immediately adjacent to healthy 
cells. We have obtained similar results from a micro punch experiment with Soybean mosaic 
virus tagged with GFP in soybean (C. Y. and S. A. W., unpublished). It appears that some 
time is required before many significant changes begin to happen indicating that there is a 
threshold of viral RNA and proteins required. Another contributing factor is that there may be 
a lag time for the affected mRNA transcripts to increase or turnover sufficiently to be 
detected by these gene expression assays and the statistical analysis. Considering the 
differences in host-virus systems, plant tissues, and approaches to determine the genes 
expression changes, our study may not be in conflict with previous reports. In pea cotyledons 
infected with the potyvirus, Pea seed born mosaic virus (PSbMV), host gene expression is 
modulated in a narrow band of cells in which virus replication is most active. For the TuMV-
A. thaliana interaction, there is apparently not a narrow band of cells supporting replication 
as the virus spreads throughout infected leaf tissue. In contrast, TuMV accumulation is 
sustained as foci continue to expand, at least through 5 dai. This TuMV gradient that expands 
radially out from the center of foci is distinct from the transient wave of replication observed 
in cotyledons. As shown in cotyledons and here in A. thaliana leaves, most gene expression 
changes occur in cells that support the greatest amount of virus accumulation. It will be 
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interesting to investigate these gene expression changes further with viral mutants that do not 
accumulate to the same levels as wild type or in mutants that accumulate to similar levels in 
the host but do not cause symptoms. 
A large proportion of newly identified, induced genes are involved in protein synthesis 
and turnover. 
We reasoned that many genes with virus-altered expression profiles were not previously 
identified, because RNA samples used for expression analyses were derived from whole 
leaves infected with viruses (Itaya et al., 2002; Golem and Culver, 2003; Whitham et al., 
2003; Senthil et al., 2005). The use of whole leaves was expected to mask interesting gene 
expression changes or dilute them, so that they could not be detected. Thus, we expected to 
identify gene expression changes that had not been observed before using the macro-
dissection strategy. A very striking finding was the degree to which suites of genes encoding 
proteins involved in protein synthesis were induced in response to TuMV (Figure 2.3B). The 
protein products of 69 genes in the protein synthesis category are known or predicted to be 
constituents of either the 60S or 40S ribosomal subunits. There are approximately 78 
different ribosomal proteins in eukaryotes that assemble with the four ribosomal RNAs to 
form the ribosome (Planta and Mager, 1998; Venema and Tollervey, 1999). RP genes, such as 
RPS6A, RPL13B, and RPL19A, had the highest expression in the zone 0 and baseline 
expression in zone 3. Similar to the defense genes, RP expression was strongly induced in 
cells containing the highest levels of virus accumulation. Interestingly, silencing of RPs by 
RNA interference has demonstrated that they play an important role in the replication of 
Drosophila C virus (DCV) and poliovirus (Cherry et al., 2005). RNAi silencing of 66 
Drosophila ribosomal genes, including Rps6 and Rpl19, had a specific, deleterious effect on 
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DCV replication, which depends on an internal ribosome entry site (IRES) to initiate 
translation. The replication of Vesicular stomatitis virus, which does not possess an IRES, 
was not affected in Drosophila cells when RPs were silenced. It will be interesting to test if 
TuMV, a potyvirus that uses cap-independent translation that might be mediated by an IRES 
(Gallie, 2001; Zeenko and Gallie, 2005), utilizes induced plant RPs.  
There has been little investigation into the mechanisms that regulate the expression of 
plant RP genes. The increased expression of so many RPs in response to TuMV suggests that 
their expression is coordinately regulated. The response may be due to the plant’s need to 
compensate for the loss in ability to synthesize its own proteins, or perhaps, TuMV is able to 
induce the expression of these genes in order to increase the capacity of the cell to synthesize 
proteins. In Drosophila, the expression of RPs appears to be under a type of control that 
regulates their stoichiometry. For example, RNAi silencing of Rpl19 - and other RPs that 
affected DCV replication - caused a concomitant decrease in Rps6, which shares no sequence 
similarity (Cherry et al., 2005). In yeast, the expression of RPs in response to a non-
fermentable carbon source or nitrogen is highly coordinated and has been associated with 
specific regulatory elements in the promoter regions (Mager and Planta, 1991; Goncalves et 
al., 1995). Similar mechanisms may function in plant cells and could account in part for the 
highly coordinated induction of these proteins in response to TuMV. 
Groups of down-regulated genes have functions consistent with those expected to be 
involved in symptom development. 
Previous host transcriptome analyses have focused more on induced genes than down-
regulated genes and have highlighted defense- or stress-like responses. The spatial sampling 
strategy and accompanying statistical analyses allowed us to identify significantly down-
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regulated host genes. As with the induced genes, the down-regulated genes were identified 
primarily in zones 0 and 1 where the most virus accumulation had occurred. The groups of 
genes that are down regulated have biases in favor of different functions or cellular locations 
when compared to the induced genes. For example, the majority of genes with known or 
predicted functions in the chloroplast are down regulated, as are those with a function in the 
cell wall (Figure 2.3A). A survey of the MIPS functional classes shows that there are clearly 
classes in which down-regulated genes are either absent or underrepresented (Figure 2.3B). 
Thus, there is probably not a general decrease in mRNA expression, but a more selective 
reason why the expression of certain groups of genes becomes repressed. As more 
proteomics studies become available for plant viruses, it will be possible to determine 
whether this conclusion holds true at the protein level. The reduced expression of sets of 
chloroplast, sulfate assimilation, and cell wall extensibility genes suggests possible 
mechanisms for the appearance of chlorosis and stunted growth in the TuMV-infected A. 
thaliana plants. Symptoms of potyvirus-infected plants are associated with the activities of 
HC-Pro, which is a suppressor of RNA silencing that interferes with miRNA function and 
causes developmental defects. The altered regulation of many of the genes we have identified 
may eventually be linked to mis-regulation of the expression of certain miRNA-regulated 
transcription factors due to TuMV infection. Efforts to identify such transcription factors in 
our dataset were not successful suggesting that this approach was not suitable for identifying 
miRNA-regulated genes even though considerable evidence has demonstrated that HC-Pro 
does indeed alter the expression of such genes (Mallory et al., 2002; Kasschau et al., 2003; 
Chapman et al., 2004). 
Potential applications of this dissection strategy in other host-pathogen interactions 
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The dissection strategy employed here was simple and should be generally applicable to 
any plant virus for which an infectious clone expressing GFP or other marker genes that 
allows for non-destructive visualization of infection foci is available. The new types of co-
regulated genes that were identified as a result reveal new insight into ways in which viruses, 
such as TuMV, alter the biology of their hosts. Other kinds of plant-pathogen interactions 
also involve localized interactions between microbes and cells of their hosts, and thus, we 
expect that this dissection strategy will be effective for studying events associated with the 
hypersensitive response or compatible interactions between plants and bacterial or fungal 
pathogens. Although localized interactions between a particular host and pathogen can take 
on different forms, the cells of a given tissue (e.g. leaf) comprise a gradient of stages of 
infection ranging from late, early, and to non-infected. Defining how hosts respond to 
infection across these spatial gradients will be critical to understanding mechanisms of 
pathogenesis as well as how plant defenses are deployed in resistant interactions. 
2.5 Materials and Methods 
Dissection of TuMV-GFP infection foci 
To prepare TuMV-GFP inoculum, tungsten particles were coated with p35TuMVGFP 
plasmid (Lellis et al., 2002) and bombarded into Nicotiana benthamiana leaves (Gal-On et 
al., 1997). Sap from N. benthamiana leaves was used to inoculate turnip plants (‘Top crop’) 
to further amplify the virus. TuMV-GFP-infected turnip leaves were ground in 20mM sodium 
phosphate buffer (pH 7.2; 1:6 w/v), filtered through Miracloth (Calbiochem, San Diego, CA), 
and frozen in aliquots at -80 oC. The titer of the inoculum was adjusted to yield well-
separated GFP foci. 
Col-0 plants were grown for seven weeks in 10 h light at 22 oC to allow large rosette 
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leaves to develop. Seven to eight rosette leaves from each of five plants were dusted with 
Carborundum and rub-inoculated with TuMV-GFP using a cotton-stick applicator. A 
corresponding set of five control plants were dusted with carborundum and mock inoculated 
with a cotton-stick applicator that was soaked in uninfected turnip sap diluted in phosphate 
buffer. At 120 hai, a 1.2 mm Harris micro punch (Whatman, Florham Park, NJ) was used to 
dissect three to seven foci per infected or mock-inoculated leaf into four zones under UV 
illumination (100 watt Blak-Ray® long-wave UV lamp; UVP, Upland, CA). The area of the 
punch was equivalent to approximately 770 epidermal cells and each punch was 26-30 cells 
across. Leaves were under UV illumination for a maximum of 3 minutes. Leaf punches were 
placed into 1.5 ml tubes filled with RNAlaterTM solution (Ambion, Austin TX), and stored at 
–20 oC. All the leaf punches from the same treatment and zone were pooled together to yield 
eight total samples, and a grand total of 24 samples for the three independent biological 
replicates. 
RNA extraction, amplification, labeling, and generation of GeneChip MAS 5.0 data 
Total RNA was extracted using RNAqueousTM (Ambion, Austin, TX), and the 
concentration and quality of each sample were determined by a NanoDrop spectrophotometer 
(NanoDrop Technologies, Wilmington, DE) and by RNA Nanochip® on a 2100 Bioanalyzer 
(Agilent Technologies, Inc., Palo Alto, CA). The RNA samples (50 ng) were then amplified 
and labeled with the OvationTM Biotin RNA Amplification and Labeling System (NuGEN 
Technologies, Inc. San Carlos, CA; (Dafforn et al., 2004). Each amplified and labeled RNA 
sample was hybridized to an Arabidopsis ATH1 genome array (Affymetrix, Inc., Santa Clara, 
CA) containing more than 22,500 probe sets representing approximately 24,000 genes 
(Redman et al., 2004). The RNA samples were processed in a random order to avoid 
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systematic biases that can be introduced by the position in the hybridization and wash queue. 
Signal intensities of scanned microarrays were generated with Affymetrix MAS 5.0 suite. 
Global scaling was applied to allow comparison of gene signals across multiple microarrays 
and a scaling factor was applied for each chip to adjust the average signal of the microarray 
to an arbitrary target of 500. 
Statistical analysis to identify differentially expressed host genes 
To identify genes whose zonal expression profiles were affected by TuMV-GFP 
infection, gene-specific mixed linear model analyses of the log-normalized signal data were 
conducted using the SAS mixed procedure (Wolfinger et al., 2001; Chu et al., 2002). For 
each gene, the mixed linear model included fixed effects for treatment (mock or TuMV-GFP 
infection), zone (0, 1, 2, or 3), and treatment-by-zone interaction, along with random effects 
for replication, treatment-by-replication, and residual error terms. P-values from SAS results 
were converted to q-values (Storey and Tibshirani, 2003) using the R program (version 1.9.0; 
http://www.r-project.org/). These q-values were used to produce lists of differentially 
expressed genes as described for the analysis of the fiber-optic bead array data. Estimates of 
the mean expression level for each combination of treatment and zone were produced from 
the mixed linear model analyses and plotted to show the expression levels of selected genes 
in mock-inoculated and TuMV-infected samples across the four zones.  
RT-PCR analysis of TuMV RNA in infection foci 
Reverse transcription reactions contained 400 ng of DNaseI-treated RNA from each of 
the four zones dissected from mock-inoculated or TuMV-infected leaves. The reactions were 
primed with either oligo(dT) to amplify the (+) strand of TuMV or TuMVCPL to amplify the 
(-) strand, and Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA) was used to 
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synthesize first-strand cDNA. PCR amplification of TuMVCP was performed with the 
TuMVCPL and TuMVCPR primers for 25 cycles at 95 °C – 30 sec, 55 °C – 30 sec, and 72 
°C – 30 sec. Amplification conditions were similar for ACTIN8, except 58 °C was used as the 
annealing temperature. The sequences of these primers were:  TuMVCPL (5'- 
TGGCTGATTACGAACTGACG -3'), TuMVCPR (5'- CCTCTCCGTGTTCTCTACCG -3'), 
Actin8RTL (5'- GAGACATCGTTTCCATGACG -3'), and Actin8RTR (5'- 
TCCGAGTTTGAAGAGGCTACA -3'). 
qRT-PCR analysis. 
New RNA samples corresponding to zones 0 and 3 were collected from three biological 
replicates for validation of gene expression by qRT-PCR as described above for microarray 
analyses. Reverse transcription reactions contained 400 ng of DNaseI-treated RNA, 
oligo(dT) primer, and Supercript II reverse transcriptase (Invitrogen). qRT-PCR assays were 
performed using the SYBR Green Supermix kit (Bio-Rad, Hercules, CA) on an iQ Real-Time 
PCR Detection System (Bio-Rad). Each reaction contained 12.5 µL (reaction mix), 5 pmol of 
each forward and reverse primer (Table 2.1), 1.0 µL cDNA template (previously diluted 
1:40), and water to 25 µL. Samples were incubated for 10 min at 50°C, then 5 min at 95°C 
followed by 45 cycles of 95°C for 15 s and 30 s at the appropriate annealing temperature 
(Table 2.1). Relative quantification was performed using the standard curve method, and 
transcript accumulation of each gene was normalized to the quantity of ACTIN 8, which does 
not respond to viral infection. The fold change for each zone was calculated by dividing the 
relative expression level of the TuMV-infected sample by the corresponding mock-inoculated 
sample. These values were transformed by the log of base 2 and plotted in Figure 2.5. 
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2.7 Supplemental materials 
Table S1 Genes identified at the 5% FDR in the dissection experiment that are down 
regulated by TuMV. The genes are organized by functional class and annotated with their 
expression patterns across the four zones. 
Table S2 Genes identified at the 5% FDR in the dissection experiment that are up regulated 
by TuMV. The genes are organized by functional class and annotated with their expression 
patterns across the four zones. 
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Table 2.1 Sequence and annealing temperature of primer pairs used for qRT-PCR 
 
Primer Sequence (5' to 3') Annealing temp. (°C) 
actin8qF CCATGACGGGATCACATTTC 61 
actin8qR CAAACGCTGTAACCGGAAAG 61 
AT4G31700LPA GTTCTCTTTTCTTCTCCGGCTA 59 
AT4G31700RPA CATGAAACAAGCCCAAAGC 59 
At5g65730XTHL CCTCATAATTGGTGGGAAGG 59 
At5g65730XTHR GTGGTGGGACAGGAAACCTA 59 
At3g27430PBB1L GTTGGTGAAGCTATGGAGGAA 64 
At3g27430PBB1R GGAAGAAGACAAGACTGGGAAG 64 
At3g14310PMEL TGAAGCAAATCGTGTTGTCC 59 
At3g14310PMER CCCGCATTATTTCATCTCGT 59 
At1g13060PBE1L GGGAGACAGGTTTTCAGTCG 61 
At1g13060PBE1R CTCCTTGCTAACTCGGAAGC 61 
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Figure 2.1 Strategy for dissecting TuMV-GFP infection foci for spatial analysis of host gene 
expression. A, Example of GFP-fluorescent infection foci in inoculated leaves at 120 hours 
after infection (hai). Mock- and TuMV-GFP-inoculated leaves were photographed under 
illumination by ultraviolet (UV) (left panels) and white (right panels) light. B, The average 
area of TuMV-GFP infection foci ± standard deviation at 72 (n = 16), 96 (n = 16), and 120 (n 
= 13) hai increased linearly with respect to time. Randomly selected TuMV-GFP foci were 
visualized by fluorescence microscopy and the area of each was determined by AxioVision 
software (Carl Zeiss MicroImaging, Inc, Thornwood NY). C, Schematic representation for 
dissecting infection foci into four zones at 120 hai using a 1.2 mm Harris punch under 
illumination by UV light. D, Experimental design and work flow.  
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Figure 2.2 Spatial relationships between accumulation of viral RNAs and altered expression 
of host genes. RT-PCR was used to determine the distribution of (+) and (-) sense TuMV 
RNAs across zones 0, 1, 2, and 3 (upper panel). Primers were used to amplify the TuMV coat 
protein region, and A. thaliana ACTIN 8 was used as a reference, because its expression was 
not significantly affected by TuMV infection. The lower panel shows the expression profiles 
of 556 genes that had significantly altered expression profiles (q < 0.05) across the four 
zones. The hierarchical clustering analysis delineates the 330 induced genes from the 226 
down-regulated genes. The average signal intensities for each of the 556 genes were loaded 
in GeneSpring version 7.2 (Agilent Technologies, Palo Alto, CA), standardized by median 
centering, and the similarities of expression profiles were calculated using a Standard 
correlation and the hierarchal clustering algorithm. The scale bar at the left side shows the 
natural log of the median-centered, relative expression level from low (green) to high 
(magenta). Green represents expression values less than the median (< 1.0), gray represents 
the median expression level (~ 1.0), and magenta represents expression values greater than 
the median (> 1.0). The intensity of the green or magenta represents the magnitude that the 
expression levels were below or above the median, respectively. 
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Figure 2.3 Classification of 556 differentially expressed genes according to cellular 
localization or function. The induced and repressed gene sets were classified according to: A, 
The known or predicted locations of their gene products within the cell (Cellular component) 
using the TAIR Gene Ontology (GO) terms 
(http://www.arabidopsis.org/tools/bulk/go/index.jsp), or B, The known or predicted functions 
of their encoded proteins using the MIPS functional classification system 
(http://mips.gsf.de/proj/funcatDB/search_main_frame.html). The black bars represent the 
number of induced genes and the white bars represent the number of downregulated genes in 
each class. Because some proteins have multiple functions and may be involved in more than 
one biological process, the sum of the genes in each of the classifications is greater than the 
total number of genes. 
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Figure 2.4 Expression of selected induced and down-regulated genes across the gradient of 
TuMV infection. The estimated least square means were plotted for TuMV-infected samples 
(dashed lines) and mock-inoculated samples (solid lines) for the four dissected zones to 
obtain spatial profiles for each gene. The plots were generated using the R statistical package 
version 1.9.0. The error bars indicate the standard error of the mean for each least square 
mean (n = 3). A, Genes encoding cell wall modification enzymes that are repressed during 
TuMV infection. B, Genes associated with plant defense and stress responses that are 
induced during TuMV infection. C, Genes encoding ribosomal proteins that are induced 
during TuMV infection. D, Genes encoding proteins associated with the 20S core 
proteasome. The names of genes are provided along with their AGI locus in parentheses. 
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Figure 2.5 Analysis of the expression of selected genes by qRT-PCR. RNA was extracted 
from zones 0 and 3 of three replicates of plants distinct from those used for microarray 
analyses and used in qRT-PCR reactions. A, The log2 of the fold change is plotted here for 
each gene. The fold change was determined for each zone by dividing the relative expression 
level of each gene in the TuMV-infected sample by its relative expression level in the 
corresponding mock-inoculated sample. The vertical bar represents the standard error for the 
three replicates. B, The fold change values determined from microarray and qRT-PCR are 
compared. 
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Figure 2.6 Relationship of TuMV accumulation to the expression of major functional groups 
of genes identified in Figure 2.3. Gene functional classes are depicted in bold text in gray 
boxes and sub-categories of genes within each functional class are depicted in plain text. The 
solid arrow represents virus accumulation and the dashed arrow represents the up or down 
regulation of the indicated gene functional groups. 
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Supplemental table 1: Down-regulated gene list by MIPS classification. 
 
Gene Description  MIPS classification Expression pattern* 
At3g62410  CP12 domain-containing protein Biogenesis of cellular components  A 
At3g63140  mRNA-binding protein Biogenesis of cellular components  A 
At3g63160  expressed protein  Biogenesis of cellular components  A 
At4g13760  glycoside hydrolase family 28 protein / 
polygalacturonase (pectinase) family 
protein 
Biogenesis of cellular components  A 
At5g65730  xyloglucan:xyloglucosyl transferase Biogenesis of cellular components ; 
Metabolism 
 A 
At3g22890  sulfate adenylyltransferase 1 / ATP-
sulfurylase 1 (APS1) 
Biogenesis of cellular components; 
Metabolism 
 A 
At3g27400  pectate lyase family protein Biogenesis of cellular components; 
Metabolism 
 A 
At4g39330  mannitol dehydrogenase Biogenesis of cellular components; 
Metabolism 
 A 
At5g08370  alpha-galactosidase Biogenesis of cellular components; 
Metabolism 
 A 
At5g35170  adenylate kinase family protein Biogenesis of cellular components; 
Metabolism 
 A 
At1g26770  expansin, putative (EXP10), similar to 
expansin At-EXP1 
Biogenesis of cellular components; 
subcellular localization 
 A 
At3g13750  beta-galactosidase(BGAL1) Biogenesis of cellular 
components;Metabolism; subcellular 
localization 
 A 
At5g07460  peptide methionine sulfoxide reductase Cell cycle and DNA process  A 
At4g14040  selenium-binding protein Cell rescue, defense and virulence  A 
At5g02380  metallothionein protein 2B (MT-2B) Cell rescue, defense and virulence  A 
At5g61590  member of the ERF (ethylene response 
factor) subfamily B-3 of ERF/AP2 
transcription factor family 
Cellular communication/signal 
transduction mechanism 
 A 
At1g66100  thionin Cellular rescue, defense and virulence  A 
At1g77210  sugar transporter Cellular transport, transport facilitation 
and transport routes 
 A 
At3g12520  sulfate transporter family protein Cellular transport, transport facilitation 
and transport routes 
 A 
At3g62270  anion exchange family protein Cellular transport, transport facilitation 
and transport routes 
 A 
At4g10770  oligopeptide transporter  Cellular transport, transport facilitation 
and transport routes 
 A 
At4g12030  bile acid:sodium symporter family protein Cellular transport, transport facilitation 
and transport routes 
 A 
At4g30110  ATPase E1-E2 type family protein / 
haloacid dehalogenase-like hydrolase 
family protein / heavy-metal-associated 
domain-containing protein 
Cellular transport, transport facilitation 
and transport routes 
 A 
At5g10180  a low-affinity sulfate transporter Cellular transport, transport facilitation 
and transport routes 
 A 
At5g59320  lipid transfer protein 3 (LTP3) Cellular transport, transport facilitation 
and transport routes 
 A 
At2g38530  nonspecific lipid transfer protein 2 
(LTP2) 
Cellular transport, transport facilitation 
and transport routes; biogenesis of 
cellular components 
 A 
 60
At3g62950  glutaredoxin family protein Classification not clear-cut yet  A 
At4g03400  auxin-responsive GH3 family protein Classification not clear-cut yet  A 
At3g15450  expressed protein Classification not yet clear-cut  A 
At4g13770  cytochrome P450 family protein  Classification not yet clear-cut  A 
At4g21960  peroxidase 42 (PER42) Classification not yet clear-cut  A 
At4g31310  avirulence-responsive protein-related / 
avirulence induced gene (AIG) protein-
related 
Classification not yet clear-cut  A 
At4g38770  proline-rich family protein (PRP4) Classification not yet clear-cut  A 
At5g01520  zinc finger (C3HC4-type RING finger) 
family protein 
Classification not yet clear-cut  A 
At5g17450  heavy-metal-associated domain-
containing protein / copper chaperone 
(CCH)-related 
Classification not yet clear-cut  A 
At5g20250  raffinose synthase family protein / seed 
imbibition protein 
Classification not yet clear-cut  A 
At5g23660  nodulin MtN3 family protein Classification not yet clear-cut  A 
At2g20260  photosystem I reaction center subunit IV Energy  A 
At4g12800  photosystem I reaction center subunit XI Energy   A 
At4g27270  quinone reductase family protein Energy   A 
At3g08940  chlorophyll A-B binding protein 
(LHCB4.2) 
Energy, subcellular localization  A 
At3g62980  transport inhibitor response 1 (TIR1) 
(FBL1) 
Interaction with the environment B 
At1g13110  cytochrome P450 71B7 Metabolism  A 
At1g31230  bifunctional aspartate kinase/homoserine 
dehydrogenase 
Metabolism  A 
At1g49430  long-chain-fatty-acid--CoA ligase / long-
chain acyl-CoA synthetase 
Metabolism C 
At2g39400  hydrolase, alpha/beta fold family protein Metabolism  A 
At3g22740  Homocysteine S-methyltransferase 3 
(HMT-3) 
Metabolism  A 
At3g47340  a glutamine-dependent asparagine 
synthetase 
Metabolism  A 
At3g55630  Dihydrofolate 
synthetase/folylpolyglutamate 
synthetase 
Metabolism  A 
At4g03060  2-oxoglutarate-dependent dioxygenase Metabolism  A 
At4g04610  protein disulfide isomerase Metabolism  A 
At5g59750  riboflavin biosynthesis protein Metabolism D 
At1g31180  3-isopropylmalate dehydrogenase,  Metabolism   A 
At4g09020  isoamylase, putative / starch 
debranching enzyme, putative 
Metabolism   A 
At4g12310  cytochrome P450 family protein  Metabolism   A 
At4g17370  oxidoreductase family protein, Metabolism  E 
At4g23600  coronatine-responsive tyrosine 
aminotransferase / tyrosine 
transaminase, 
Metabolism   A 
At4g24450  starch excess protein-related, Metabolism   A 
At4g30530  defense-related protein Metabolism   A 
At4g37330  cytochrome P450 family protein  Metabolism   A 
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At4g37930  glycine hydroxymethyltransferase / 
serine hydroxymethyltransferase / 
serine/threonine aldolase (SHM1) 
Metabolism   A 
At5g04140  glutamate synthase (GLU1) Metabolism   A 
At5g04360  pullulanase, putative / starch 
debranching enzyme 
Metabolism   A 
At5g23020  2-isopropylmalate synthase 2 (IMS2) Metabolism   A 
At5g28020  cysteine synthase, putative / O-
acetylserine (thiol)-lyase 
Metabolism   A 
At5g41040  transferase family protein Metabolism; cell rescue, defense and 
virulence 
F 
At3g02020  aspartate kinase Metabolism; cellular 
communication/signal transduction 
mechanism 
 A 
At3g05020  acyl carrier protein Metabolism; Cellular transport, transport 
facilitation and transport routes 
 A 
At3g06500  beta-fructofuranosidase Metabolism; energy  A 
At3g60100  citrate synthase Metabolism; energy  A 
At5g35790  plastidic glucose-6-phosphate 
dehydrogenase 
Metabolism; energy  A 
At5g54960  pyruvate decarboxylase-2 Metabolism; energy  A 
At1g04350  2-oxoglutarate-dependent dioxygenase, 
putative, Similar to Arabidopsis 2A6 and 
to tomato ethylene synthesis regulatory 
protein E8 
Metabolism; interaction with 
environment 
G 
At2g30840  2-oxoglutarate-dependent dioxygenase Metabolism; interaction with 
environment 
A 
At1g19835  expressed protein Not known  A 
At4g16155  dihydrolipoamide dehydrogenase 2, 
plastidic / lipoamide dehydrogenase 2 
(PTLPD2) 
Not known  A 
At5g62350  invertase/pectin methylesterase inhibitor 
family protein 
Not known  A 
At5g62360  invertase/pectin methylesterase inhibitor 
family protein 
Not known  A 
At3g02560  40S ribosomal protein S7 (RPS7B), Protein synthesis; protein with binding 
function or cofactor requirement; 
subcellular localization 
 A 
At4g24340  phosphorylase family protein Storage protein  A 
At5g24780  vegetative storage protein 1 (VSP1) Storage protein H 
At3g59060  basic helix-loop-helix (bHLH) family 
protein 
Transcription   A 
At4g04830  methionine sulfoxide reductase domain-
containing protein 
Transcription; subcellular localization  A 
At1g01220  GHMP kinase-related, contains similarity 
to L-fucose kinase 
Unclassified protein E 
At1g02205  CER1 protein, identical to maize gl1 
homolog 
Unclassified protein  A 
At1g05310  pectinesterase family protein Unclassified protein A 
At1g07050  CONSTANS-like protein-related, 
contains similarity to photoperiod 
sensitivity quantitative trait locus 
Unclassified protein G 
At1g07280  expressed protein  Unclassified protein  A 
At1g09310  expressed protein Unclassified protein  A 
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At1g10760  starch excess protein (SEX1) Unclassified protein  A 
At1g11530  Encodes a single cysteine active site 
thioredoxin-related protein, similar to 
thioredoxin H-type 
Unclassified protein  A 
At1g12450  expressed protein  Unclassified protein E 
At1g13280  allene oxide cyclase4 Unclassified protein  A 
At1g15150  MATE efflux family protein, similar to 
ripening regulated protein DDTFR18 
Unclassified protein  A 
At1g15800  expressed protein  Unclassified protein  A 
At1g15960  NRAMP metal ion transporter 6, putative 
(NRAMP6) 
Unclassified protein  A 
At1g16410  cytochrome P450, putative Unclassified protein  A 
At1g21010  expressed protein Unclassified protein  A 
At1g21440  mutase family protein, similar to 
carboxyvinyl-carboxyphosphonate 
phosphorylmutase 
Unclassified protein  A 
At1g23390  kelch repeat-containing F-box family 
protein 
Unclassified protein  A 
At1g25170  expressed protein Unclassified protein  A 
At1g26920  expressed protein Unclassified protein  A 
At1g28050  zinc finger (B-box type) family protein  Unclassified protein  A 
At1g32090  early-responsive to dehydration protein-
related / ERD protein-related, similar to 
ERD4 protein 
Unclassified protein  A 
At1g49160  a member of the WNK family (9 
members in all) of protein kinases 
Unclassified protein I 
At1g50710  expressed protein  Unclassified protein J 
At1g53170  a member of the ERF (ethylene 
response factor) subfamily B-1 of 
ERF/AP2 transcription factor family 
(ATERF-8). 
Unclassified protein  A 
At1g54540  hypothetical protein  Unclassified protein A 
At1g54820  protein kinase family protein Unclassified protein J 
At1g55360  expressed protein Unclassified protein  A 
At1g55670  photosystem I reaction center subunit V Unclassified protein  A 
At1g56230  expressed protein  Unclassified protein  A 
At1g56260  expressed protein Unclassified protein  A 
At1g58270  meprin and TRAF homology domain-
containing protein 
Unclassified protein  A 
At1g61740  expressed protein Unclassified protein  A 
At1g62560  flavin-containing monooxygenase family 
protein / 
Unclassified protein  A 
At1g64650  expressed protein  Unclassified protein  A 
At1g65010  expressed protein Unclassified protein  A 
At1g65860  flavin-containing monooxygenase family 
protein / FMO family protein 
Unclassified protein  A 
At1g66940  protein kinase-related Unclassified protein  A 
At1g68530  very-long-chain fatty acid condensing 
enzyme (CUT1) 
Unclassified protein  A 
At1g72310  zinc finger (C3HC4-type RING finger) 
family protein (ATL3) 
Unclassified protein  K 
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At1g74090  sulfotransferase family protein Unclassified protein  A 
At1g74220  Expessed protein Unclassified protein  A 
At1g74880  subunit NDH-O of NAD Unclassified protein  A 
At1g74940  senescence-associated protein-related Unclassified protein  A 
At1g76320  far-red impaired responsive protein, 
putative 
Unclassified protein  A 
At1g76670  transporter-related, low similarity to 
glucose-6-phosphate/phosphate-
translocator precursor 
Unclassified protein  A 
At1g76790  O-methyltransferase family 2 protein Unclassified protein  A 
At1g78370  glutathione S-transferase, putative Unclassified protein  A 
At1g78680  gamma-glutamyl hydrolase (GGH1) / 
gamma-Glu-X carboxypeptidase / 
conjugase 
Unclassified protein  A 
At2g05510  glycine-rich protein Unclassified protein  A 
At2g05540  glycine-rich protein  Unclassified protein  L 
At2g14170  methylmalonate-semialdehyde 
dehydrogenase  
Unclassified protein  A 
At2g16630  proline-rich family protein Unclassified protein  A 
At2g16660  nodulin family protein Unclassified protein  A 
At2g16990  expressed protein  Unclassified protein  A 
At2g18050  histone H1-3 (HIS1-3) Unclassified protein  A 
At2g20595  Expressed protein  Unclassified protein  A 
At2g22980  serine carboxypeptidase S10 family 
protein 
Unclassified protein  A 
At2g23540  GDSL-motif lipase/hydrolase family 
protein 
Unclassified protein  A 
At2g26570  expressed protein Unclassified protein  A 
At2g27830  expressed protein  Unclassified protein  A 
At2g28310  expressed protein Unclassified protein  A 
At2g29300  tropinone reductase, putative / tropine 
dehydrogenase, putative 
Unclassified protein  A 
At2g29670  expressed protein  Unclassified protein  A 
At2g31360  delta 9 desaturase (ADS2) Unclassified protein  A 
At2g31750  UDP-glucoronosyl/UDP-glucosyl 
transferase family protein 
Unclassified protein  A 
At2g31790  UDP-glucoronosyl/UDP-glucosyl 
transferase family protein 
Unclassified protein  A 
At2g38330  MATE efflux family protein Unclassified protein  A 
At2g39470  photosystem II reaction center PsbP 
family protein  
Unclassified protein  A 
At2g41430  dehydration-induced protein (ERD15) Unclassified protein  A 
At2g42530  cold-responsive protein / cold-regulated 
protein (cor15b) 
Unclassified protein  A 
At2g42540  cold-responsive protein / cold-regulated 
protein (cor15a) 
Unclassified protein  A 
At2g43550  trypsin inhibitor, putative Unclassified protein  A 
At2g44130  kelch repeat-containing F-box family 
protein 
Unclassified protein  A 
At2g45870  expressed protein Unclassified protein  A 
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At2g47020  peptide chain release factor Unclassified protein  A 
At3g04870  zeta-carotene desaturase (ZDS1) / 
carotene 7,8-desaturase 
Unclassified protein  A 
At3g06590  expressed protein  Unclassified protein  A 
At3g07350  expressed protein Unclassified protein  A 
At3g08020  PHD finger protein-related Unclassified protein  A 
At3g10520  class 2 non-symbiotic hemoglobin  Unclassified protein  A 
At3g13240  hypothetical protein  Unclassified protein  E 
At3g13470  Chaperonin Unclassified protein  A 
At3g14210  myrosinase-associated protein Unclassified protein  A 
At3g14310  pectinesterase family protein Unclassified protein  A 
At3g15570  phototropic-responsive NPH3 family 
protein 
Unclassified protein  K 
At3g15720  glycoside hydrolase family 28 protein / 
polygalacturonase (pectinase) family 
protein 
Unclassified protein  A 
At3g16370  GDSL-motif lipase/hydrolase family 
protein 
Unclassified protein  A 
At3g16770  a member of the ERF (ethylene 
response factor) 
Unclassified protein  A 
At3g18080  glycosyl hydrolase family 1 protein Unclassified protein  A 
At3g19550  expressed protein  Unclassified protein  E 
At3g19710  branched-chain amino acid 
aminotransferase 
Unclassified protein  A 
At3g19820  cell elongation protein / DWARF1 / 
DIMINUTO (DIM), 
Unclassified protein  A 
At3g21710  expressed protein  Unclassified protein  A 
At3g26100  regulator of chromosome condensation 
(RCC1) family protein 
Unclassified protein  A 
At3g47860  apolipoprotein D-related Unclassified protein  A 
At3g50685  Expressed protein  Unclassified protein  A 
At3g51510  expressed protein  Unclassified protein  A 
At3g53800  armadillo/beta-catenin repeat family 
protein 
Unclassified protein  A 
At3g54950  patatin-related Unclassified protein  K 
At4g00780  meprin and TRAF homology domain-
containing protein / MATH domain-
containing protein 
Unclassified protein  A 
At4g01150  expressed protein  Unclassified protein  A 
At4g04330  expressed protein  Unclassified protein  A 
At4g14930  acid phosphatase survival protein SurE Unclassified protein  A 
At4g17610  tRNA/rRNA methyltransferase (SpoU) 
family protein 
Unclassified protein  A 
At4g19410  pectinacetylesterase, putative Unclassified protein  A 
At4g23290  protein kinase family protein Unclassified protein  K 
At4g28270  zinc finger (C3HC4-type RING finger) 
family protein 
Unclassified protein  A 
At4g32340  expressed protein  Unclassified protein  A 
At4g33980  expressed protein  Unclassified protein  A 
At4g34138  UDP-glucoronosyl/UDP-glucosyl 
transferase family protein 
Unclassified protein  A 
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At4g37540  LOB domain protein 39 Unclassified protein  A 
At4g40045  Expressed protein  Unclassified protein  A 
At5g04810  pentatricopeptide (PPR) repeat-
containing protein 
Unclassified protein  A 
At5g04950  nicotianamine synthase Unclassified protein  A 
At5g05340  Peroxidase Unclassified protein  A 
At5g08610  DEAD box RNA helicase Unclassified protein  A 
At5g12950  expressed protein Unclassified protein  A 
At5g14180  lipase family protein Unclassified protein  A 
At5g15550  transducin family protein / WD-40 repeat 
family protein 
Unclassified protein  A 
At5g18760  zinc finger (C3HC4-type RING finger) 
family protein 
Unclassified protein  A 
At5g19540  expressed protein  Unclassified protein  A 
At5g22920  zinc finger (C3HC4-type RING finger) 
family protein 
Unclassified protein  A 
At5g23010  2-isopropylmalate synthase 3 (IMS3) Unclassified protein  A 
At5g23320  isoprenylcysteine carboxyl 
methyltransferase family protein 
Unclassified protein  A 
At5g24380  oligopeptide transporter protein  Unclassified protein  A 
At5g25210  expressed protein  Unclassified protein  A 
At5g25240  expressed protein Unclassified protein  A 
At5g35180  expressed protein  Unclassified protein  A 
At5g37360  expressed protein  Unclassified protein  A 
At5g44720  molybdenum cofactor sulfurase family 
protein 
Unclassified protein  A 
At5g46140  hypothetical protein Unclassified protein  A 
At5g46710  zinc-binding family protein Unclassified protein  A 
At5g47240  MutT/nudix family protein Unclassified protein  A 
At5g48110  terpene synthase/cyclase family protein Unclassified protein  A 
At5g52030  TraB protein-related  Unclassified protein  A 
At5g52290  hypothetical protein  Unclassified protein  A 
At5g52710  heavy-metal-associated domain-
containing protein 
Unclassified protein  A 
At5g54770  thiazole biosynthetic enzyme, chloroplast 
(ARA6) (THI1) (THI4) 
Unclassified protein  A 
At5g57630  CBL-interacting protein kinase 21 Unclassified protein  A 
At5g57970  methyladenine glycosylase family protein Unclassified protein  A 
At5g64460  expressed protein  Unclassified protein  A 
At5g64770  expressed protein Unclassified protein  A 
At5g67070  rapid alkalinization factor (RALF) family 
protein 
Unclassified protein  A 
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* Expression patterns:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Visual inspection of the profiles of the 226 down-regulated genes in mock- and virus-treated samples was used to generate the 12 
representative patterns shown here. Solid lines represent the expression profiles of mock-inoculated samples and dashed lines represent 
the expression profiles of TuMV-infected samples across four zones (0, 1, 2, and 3). 
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Supplemental table 2: Up-regulated gene list by MIPS classification. 
 
Gene Description MIPS classification Expression 
pattern* 
At1g01100  60S acidic ribosomal protein P1 (RPP1A), Biogenesis of cellular components  A 
At1g01560  mitogen-activated protein kinase, putative / MAPK, 
putative (MPK11) 
Biogenesis of cellular components; Cellular transport, 
transport facilitation and transport routes; Protein fate 
 B 
At1g02780  60S ribosomal protein L19 (RPL19A) Biogenesis of cellular components; Transcription  A 
At1g04270  40S ribosomal protein S15 (RPS15A) Cell cycle and DNA processing  A 
At1g05010  aminocyclopropane-1-carboxylate oxidase / ACC 
oxidase / ethylene-forming enzyme (ACO) (EAT1) 
Cell fate  A 
At1g05180  auxin-resistance protein AXR1 (AXR1) Cell fate  A 
At1g07890  L-ascorbate peroxidase 1, cytosolic (APX1) Cell fate; Interaction with the environment; Cellular 
communication/Signal transduction mechanism; Protein 
with binding function or cofactor requirement 
 A 
At1g08050  zinc finger (C3HC4-type RING finger) family protein Cell rescue, defense and virulence  A 
At1g08360  60S ribosomal protein L10A (RPL10aA) Cell rescue, defense and virulence  A 
At1g08450  calreticulin 3 (CRT3) Cell rescue, defense and virulence  A 
At1g08830  superoxide dismutase (Cu-Zn) (SODCC) / 
copper/zinc superoxide dismutase (CSD1) 
Cell rescue, defense and virulence  A 
At1g09210  calreticulin 2 (CRT2) Cell rescue, defense and virulence  A 
At1g09690  60S ribosomal protein L21 (RPL21C) Cell rescue, defense and virulence  C 
At1g10960  ferredoxin Cell rescue, defense and virulence  D 
At1g11890  vesicle transport protein SEC22 Cell rescue, defense and virulence  E 
At1g13060  20S proteasome beta subunit E1 (PBE1) Cell rescue, defense and virulence  A 
At1g14360 UDP-galactose/UDP-glucose transporter Cell rescue, defense and virulence  A 
At1g14610  valyl-tRNA synthetase / valine--tRNA ligase (VALRS) Cell rescue, defense and virulence  A 
At1g14870  expressed protein Cell rescue, defense and virulence; Metabolism  A 
At1g14980  10 kDa chaperonin (CPN10) Cell rescue, defense and virulence; Organ localization; 
Cell type localization; Interaction with the environment; 
Interaction with the cellular environment; Cellular 
transport, transport facilitation and transport routes; 
Protein with binding function or cofactor requirement; 
Protein fate; Classification not yet clear-cut 
 A 
At1g15250  60S ribosomal protein L37 (RPL37A) Cell rescue, defense and virulence; Subcellular 
localization; Tissue differentiation; Cell type 
differentiation; Development (Systemic) 
 A 
At1g15370  expressed protein  Cell rescue, defense and virulence; Transcription  F 
At1g16470  20S proteasome alpha subunit B (PAB1) (PRC3), Cellular communication/Signal transduction mechanism  A 
At1g16740  ribosomal protein L20 family protein Cellular communication/Signal transduction mechanism  A 
At1g18080  WD-40 repeat family protein / auxin-dependent 
protein (ARCA) / guanine nucleotide-binding protein 
beta subunit 
Cellular communication/Signal transduction mechanism  A 
At1g19240  expressed protein  Cellular communication/Signal transduction mechanism  A 
At1g21270  wall-associated kinase 2 (WAK2) Cellular communication/Signal transduction mechanism  A 
At1g21520  expressed protein  Cellular communication/Signal transduction mechanism  A 
At1g22840  cytochrome c Cellular communication/Signal transduction mechanism  A 
At1g27330  expressed protein Cellular communication/Signal transduction mechanism  A 
At1g27340  F-box family protein Cellular communication/Signal transduction mechanism  A 
At1g27400  60S ribosomal protein L17 (RPL17A) Cellular communication/Signal transduction mechanism  A 
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At1g27730  zinc finger (C2H2 type) family protein (ZAT10) / salt-
tolerance zinc finger protein (STZ), 
Cellular communication/Signal transduction mechanism  A 
At1g28510  expressed protein  Cellular transport, transport facilitation and transport 
routes 
 C 
At1g29250  expressed protein Cellular transport, transport facilitation and transport 
routes 
 A 
At1g30630  coatomer protein epsilon subunit family protein / 
COPE family protein 
Cellular transport, transport facilitation and transport 
routes 
 A 
At1g33120  60S ribosomal protein L9 (RPL90B) Cellular transport, transport facilitation and transport 
routes 
 A 
At1g33810  Expressed protein  Cellular transport, transport facilitation and transport 
routes 
 A 
At1g35230  arabinogalactan-protein (AGP5) Cellular transport, transport facilitation and transport 
routes; Energy 
 A 
At1g41880  60S ribosomal protein L35a (RPL35aB) Cellular transport, transport facilitation and transport 
routes;Subcellular localization; Cell fate; Protein with 
binding function or cofactor requirement; Energy; 
Metabolism 
 A 
At1g42980  formin homology 2 domain-containing protein Classification not yet clear-cut  A 
At1g43170  60S ribosomal protein L3 (RPL3A) Classification not yet clear-cut  A 
At1g44835  YbaK/prolyl-tRNA synthetase family protein Classification not yet clear-cut  A 
At1g45145  thioredoxin H-type 5 (TRX-H-5) (TOUL) Classification not yet clear-cut  A 
At1g48440  expressed protein  Classification not yet clear-cut  A 
At1g48920  nucleolin Classification not yet clear-cut  A 
At1g50740  expressed protein Classification not yet clear-cut  A 
At1g52420  glycosyl transferase family 1 protein Classification not yet clear-cut  A 
At1g54030  GDSL-motif lipase Classification not yet clear-cut  D 
At1g54270  eukaryotic translation initiation factor 4A-2 / eIF-4A-2 Classification not yet clear-cut  A 
At1g56060  expressed protein  Classification not yet clear-cut  A 
At1g57630  disease resistance protein (TIR class) Classification not yet clear-cut  D 
At1g57860  60S ribosomal protein L21 Development (Systemic); Interaction with the 
environment 
 C 
At1g58380  40S ribosomal protein S2 (RPS2A) Energy  A 
At1g60740  peroxiredoxin type 2 Energy; Metabolism  A 
At1g63460  glutathione peroxidase Energy; Metabolism  A 
At1g64490  expressed protein  Energy; Metabolism  A 
At1g65290  acyl carrier family protein / ACP family protein Metabolism  A 
At1g65490  expressed protein  Metabolism  A 
At1g65500  expressed protein  Metabolism  A 
At1g65690  harpin-induced protein-related / HIN1-related / harpin-
responsive protein-related 
Metabolism  A 
At1g66970  glycerophosphoryl diester phosphodiesterase family 
protein 
Metabolism  A 
At1g67120  midasin-related, similar to Midasin (MIDAS-containing 
protein) 
Metabolism  A 
At1g69730  protein kinase family protein Metabolism  D  
At1g70490  ADP-ribosylation factor and similar to other ARFs and 
ARF-like proteins 
Protein fate  A 
At1g72240  expressed protein  Protein fate  E 
At1g72370  40S ribosomal protein SA (RPSaA) Protein fate  A 
At1g74460  GDSL-motif lipase/hydrolase family protein Protein fate  D 
At1g74590  glutathione S-transferase Protein fate  A 
 69
At1g74710  isochorismate synthase 1 (ICS1) / isochorismate 
mutase 
Protein fate  A 
At1g75170  SEC14 cytosolic factor family protein Protein fate  A 
At1g78410  VQ motif-containing protein Protein fate  A 
At1g78570  NAD-dependent epimerase/dehydratase family 
protein 
Protein fate  D 
At1g79550  phosphoglycerate kinase Protein fate  A 
At1g80460  glycerol kinase Protein fate; Subcellular localization; Cell fate; Cellular 
communication/Signal transduction mechanism; Protein 
activity regulation; Protein with binding function or 
cofactor requirement; Cell cycle and DNA processing 
 E 
At2g02230  F-box family protein / SKP1 interacting partner 3-
related 
Protein synthesis  A 
At2g02810  UDP-galactose/UDP-glucose transporter Protein synthesis  A 
At2g03510  band 7 family protein Protein synthesis  A 
At2g05840  20S proteasome alpha subunit A2 (PAA2) Protein synthesis  A 
At2g13790  leucine-rich repeat family protein Protein synthesis  A 
At2g17120  peptidoglycan-binding LysM domain-containing 
protein 
Protein synthesis  A 
At2g17220  protein kinase, putative Protein synthesis  A 
At2g18660  expansin family protein (EXPR3) Protein synthesis  A 
At2g19385  expressed protein Protein synthesis  A 
At2g19740  60S ribosomal protein L31 (RPL31A) Protein synthesis  A 
At2g20490  nucleolar RNA-binding Nop10p family protein Protein synthesis  A 
At2g20930  expressed protein  Protein synthesis  A 
At2g21580  40S ribosomal protein S25 (RPS25B)  Protein synthesis  A 
At2g24850  tyrosine aminotransferase Protein synthesis  A 
At2g27530  60S ribosomal protein L10A (RPL10aB) Protein synthesis  A 
At2g27720  60S acidic ribosomal protein P2 (RPP2A)  Protein synthesis  A 
At2g28190  superoxide dismutase (Cu-Zn), chloroplast (SODCP) / 
copper/zinc superoxide dismutase (CSD2) 
Protein synthesis  A 
At2g29530  small zinc finger-like protein (TIM10) Protein synthesis  A 
At2g29540  RNA polymerase I(A) and III(C) 14 kDa subunit  Protein synthesis  A 
At2g30140  UDP-glucoronosyl/UDP-glucosyl transferase family 
protein 
Protein synthesis  A 
At2g31240  tetratricopeptide repeat (TPR)-containing protein Protein synthesis  E 
At2g31880  leucine-rich repeat transmembrane protein kinase Protein synthesis  A 
At2g32160  expressed protein  Protein synthesis  A 
At2g32680  disease resistance family protein Protein synthesis  A 
At2g34480  60S ribosomal protein L18A (RPL18aB)  Protein synthesis  A 
At2g36160  40S ribosomal protein S14 (RPS14A) Protein synthesis  A 
At2g36170  ubiquitin extension protein 2 (UBQ2) / 60S ribosomal 
protein L40 (RPL40A) 
Protein synthesis  A 
At2g36530  enolase Protein synthesis  A 
At2g37250  adenylate kinase family protein Protein synthesis  A 
At2g37270  40S ribosomal protein S5 (RPS5A) Protein synthesis  A 
At2g37600  60S ribosomal protein L36 (RPL36A)  Protein synthesis  A 
At2g37990  ribosome biogenesis regulatory protein (RRS1) family 
protein 
Protein synthesis  A 
At2g38740  haloacid dehalogenase-like hydrolase family protein Protein synthesis  A 
At2g39460  60S ribosomal protein L23A (RPL23aA) Protein synthesis  A 
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At2g40670  response regulator 16  Protein synthesis  A 
At2g41110  calmodulin-2/3/5 (CAM2) (CAL1), a touch-inducible 
calmodulin-related protein.  
Protein synthesis  A 
At2g41250  haloacid dehalogenase-like hydrolase family protein Protein synthesis  A 
At2g41840  40S ribosomal protein S2 (RPS2C)  Protein synthesis; Subcellular localization  A 
At2g43080  prolyl-4 hydroxylase Protein synthesis; Subcellular localization  E 
At2g43090  aconitase C-terminal domain-containing protein Protein synthesis; Subcellular localization  A 
At2g43290  calmodulin-like protein (MSS3) Protein synthesis; Subcellular localization   A 
At2g43460  60S ribosomal protein L38 (RPL38A) Protein synthesis; Subcellular localization;   A 
At2g43570  chitinase Protein synthesis; Subcellular localization;   A 
At2g44120  60S ribosomal protein L7 (RPL7C) Protein synthesis; Subcellular localization; Biogenesis of 
cellular components; Cell fate; Interaction with the 
environment; Interaction with the cellular environment; 
Cell rescue, defense and virulence; Protein activity 
regulation; Protein with binding function or cofactor 
requirement; Protein fate 
 A 
At2g44180  methionyl aminopeptidase Protein synthesis; Subcellular localization; Biogenesis of 
cellular components; Development (Systemic); Cell fate; 
Protein with binding function or cofactor requirement; 
Protein fate 
 A 
At2g44860  60S ribosomal protein L24, putative  Protein synthesis; Subcellular localization; Biogenesis of 
cellular components; Development (Systemic); Cell fate; 
Protein with binding function or cofactor requirement; 
Protein fate; Classification not yet clear-cut 
 A 
At2g45070  sec61beta family protein Protein synthesis; Subcellular localization; Biogenesis of 
cellular components; Protein activity regulation; Protein 
with binding function or cofactor requirement; Protein 
fate 
 A 
At2g46400  WRKY family transcription factor  Protein synthesis; Subcellular localization; Biogenesis of 
cellular components; Protein with binding function or 
cofactor requirement; Protein fate 
 A 
At2g47610  60S ribosomal protein L7A (RPL7aA)  Protein synthesis; Subcellular localization; Cell fate; 
Interaction with the environment; Protein with binding 
function or cofactor requirement; Protein fate 
 A 
At2g47640  small nuclear ribonucleoprotein D2 Protein synthesis; Subcellular localization; Classification 
not yet clear-cut; Biogenesis of cellular components; 
Protein with binding function or cofactor requirement 
 A 
At3g03160  expressed protein Protein synthesis; Subcellular localization; Classification 
not yet clear-cut; Cell rescue, defense and virulence; 
Cellular communication/Signal transduction mechanism; 
Protein activity regulation; Protein with binding function 
or cofactor requirement; Protein fate; Transcription 
 A 
At3g03640  glycosyl hydrolase family 1 protein Protein synthesis; Subcellular localization; Classification 
not yet clear-cut; Development (Systemic); Cell fate; 
Protein with binding function or cofactor requirement;  
 A 
At3g03920  Gar1 RNA-binding region family protein Protein synthesis; Subcellular localization; Development 
(Systemic); Cell fate 
 A 
At3g04120  glyceraldehyde-3-phosphate dehydrogenase, 
cytosolic (GAPC) / NAD-dependent glyceraldehyde-3-
phosphate dehydrogenase 
Protein synthesis; Subcellular localization; Development 
(Systemic); Cell fate 
 A 
At3g05230  signal peptidase subunit family protein Protein synthesis; Subcellular localization; Development 
(Systemic); Cell fate; Protein activity regulation; Protein 
with binding function or cofactor requirement; Protein 
fate 
 A 
At3g05500  rubber elongation factor (REF) family protein Protein synthesis; Subcellular localization; Development 
(Systemic); Cell fate; Protein fate  
 A 
At3g07110  60S ribosomal protein L13A (RPL13aA) Protein synthesis; Subcellular localization; Development 
(Systemic); Cell fate; Protein with binding function or 
cofactor requirement 
 A 
 71
At3g09200  60S acidic ribosomal protein P0 (RPP0B) Protein synthesis; Subcellular localization; Development 
(Systemic); Cell fate; Protein with binding function or 
cofactor requirement 
 A 
At3g09440  heat shock cognate 70 kDa protein 3 (HSC70-3) Protein synthesis; Subcellular localization; Development 
(Systemic); Cell fate; Protein with binding function or 
cofactor requirement 
 A 
At3g09680  40S ribosomal protein S23 (RPS23A) Protein synthesis; Subcellular localization; Development 
(Systemic); Cell fate; Protein with binding function or 
cofactor requirement  
 A 
At3g10640  SNF7 family protein Protein synthesis; Subcellular localization; Development 
(Systemic); Cell fate; Protein with binding function or 
cofactor requirement;  
 A 
At3g12320  expressed protein  Protein synthesis; Subcellular localization; Development 
(Systemic); Cell fate; Protein with binding function or 
cofactor requirement;  
 A 
At3g13230  expressed protein  Protein synthesis; Subcellular localization; Development 
(Systemic); Cell fate; Protein with binding function or 
cofactor requirement;  
 A 
At3g13330  expressed protein  Protein synthesis; Subcellular localization; Organ 
differentiation; Biogenesis of cellular components; 
Protein activity regulation; Protein with binding function 
or cofactor requirement; Protein fate 
 A 
At3g13920  eukaryotic translation initiation factor 4A-1  Protein synthesis; Subcellular localization; Organ 
localization; Tissue localization; Protein with binding 
function or cofactor requirement;  
 A 
At3g15000  expressed protein Protein synthesis; Subcellular localization; Protein fate  A 
At3g15590  DNA-binding protein Protein synthesis; Subcellular localization; Protein with 
binding function or cofactor requirement 
 A 
At3g15810  expressed protein Protein synthesis; Subcellular localization; Protein with 
binding function or cofactor requirement 
 A 
At3g16080  60S ribosomal protein L37 (RPL37C) Protein synthesis; Subcellular localization; Protein with 
binding function or cofactor requirement  
 A 
At3g20500  calcineurin-like phosphoesterase family protein Protein synthesis; Subcellular localization; Protein with 
binding function or cofactor requirement; Protein fate 
 A 
At3g22110  the alpha-3 subunit of 20s proteasome Protein synthesis; Subcellular localization; Ubiquitous 
expression; Cell fate; Protein activity regulation; Protein 
with binding function or cofactor requirement 
 A 
At3g22400  ipoxygenase Protein synthesis; Subcellular localization; Ubiquitous 
expression; Protein with binding function or cofactor 
requirement 
 A 
At3g22910  calcium-transporting ATPase Protein synthesis; Subcellular localization; Ubiquitous 
expression; Protein with binding function or cofactor 
requirement  
 A 
At3g23120  leucine-rich repeat family protein Protein synthesis; Transcription  A 
At3g25010  disease resistance family protein, contains leucine 
rich-repeat (LRR) domains 
Protein with binding function or cofactor requirement ; 
Subcellular localization; Interaction with the 
environment; Interaction with the cellular environment; 
Cellular communication/Signal transduction mechanism 
 A 
At3g25020  disease resistance family protein, contains leucine 
rich-repeat (LRR) domains 
Protein with binding function or cofactor requirement ; 
Subcellular localization; Tissue differentiation; Cell type 
differentiation; Development (Systemic); Interaction with 
the cellular environment; Cell rescue, defense and 
virulence 
 A 
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At3g25230  peptidyl-prolyl cis-trans isomerase / FK506-binding 
protein (ROF1) 
Protein with binding function or cofactor requirement; 
Subcellular localization; Biogenesis of cellular 
components; Development (Systemic); Cell fate; 
Interaction with the cellular environment; Cellular 
communication/Signal transduction mechanism; Cellular 
transport, transport facilitation and transport routes; 
Protein activity regulation; Protein fate 
 A 
At3g25600  calmodulin Protein with binding function or cofactor requirement; 
Subcellular localization; Protein fate 
 A 
At3g27430  20S proteasome beta subunit B (PBB1) Subcellular localization  A 
At3g27890  NADPH-dependent FMN reductase family protein Subcellular localization  A 
At3g28340  galactinol synthase Subcellular localization  A 
At3g28480  oxidoreductase, 2OG-Fe(II) oxygenase family protein Subcellular localization; Cellular transport, transport 
facilitation and transport routes 
 A 
At3g28510  AAA-type ATPase family protein Subcellular localization; Cellular transport, transport 
facilitation and transport routes; Cell cycle and DNA 
processing 
 A 
At3g28540  AAA-type ATPase family protein Subcellular localization; Classification not yet clear-cut  A 
At3g44750  histone deacetylase, putative (HD2A) Subcellular localization; Development (Systemic); Cell 
fate; Cellular communication/Signal transduction 
mechanism; Protein with binding function or cofactor 
requirement; Transcription 
 A 
At3g45050  expressed protein Subcellular localization; Energy; Metabolism  A 
At3g45860  receptor-like protein kinase Subcellular localization; Interaction with the 
environment; Cellular communication/Signal 
transduction mechanism 
 D 
At3g46040  40S ribosomal protein S15A (RPS15aD) Subcellular localization; Metabolism  A 
At3g47370  40S ribosomal protein S20 (RPS20B) Subcellular localization; Protein activity regulation; 
Protein with binding function or cofactor requirement; 
Transcription 
 A 
At3g47480  calcium-binding EF hand family protein Subcellular localization; Protein fate  A 
At3g47833  Expressed protein  Subcellular localization; Protein fate  A 
At3g48640  expressed protein, Subcellular localization; Protein fate  A 
At3g48930  40S ribosomal protein S11 (RPS11A)  Subcellular localization; Protein fate  A 
At3g49010  60S ribosomal protein L13 (RPL13B) Subcellular localization; Protein synthesis  A 
At3g50930  AAA-type ATPase family protein Subcellular localization; Protein with binding function or 
cofactor requirement; Protein synthesis 
 A 
At3g51330  aspartyl protease family protein Subcellular localization; Protein with binding function or 
cofactor requirement; Transcription 
 A 
At3g51440  strictosidine synthase family protein Subcellular localization; Transcription  A 
At3g51800  metallopeptidase M24 family protein Subcellular localization; Transcription  A 
At3g51890  expressed protein Subcellular localization; Transcription; Cell cycle and 
DNA processing 
 A 
At3g52430  phytoalexin-deficient 4 protein (PAD4) Transcription  A 
At3g53890  40S ribosomal protein S21 (RPS21B) Transcription  A 
At3g54960  protein disulfide isomerase-like (PDIL) protein, a 
member of a multigene family within the thioredoxin 
(TRX) superfamily 
Unclassified protein  A 
At3g55280  60S ribosomal protein L23A (RPL23aB) Unclassified protein  A 
At3g55605  mitochondrial glycoprotein family protein Unclassified protein  A 
At3g55850  amidohydrolase family protein Unclassified protein  A 
At3g56340  40S ribosomal protein S26 (RPS26C) Unclassified protein  A 
At3g57090  expressed protein  Unclassified protein  A 
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At3g57150  dyskerin, putative / nucleolar protein NAP57 Unclassified protein  A 
At3g57260  beta 1,3-glucanase  Unclassified protein  A 
At3g57460  expressed protein Unclassified protein  A 
At3g58700  60S ribosomal protein L11 (RPL11B) Unclassified protein  A 
At3g59280  signaling molecule-related Unclassified protein  A 
At3g60420  expressed protein  Unclassified protein  A 
At3g60540  sec61beta family protein Unclassified protein  A 
At3g60770  40S ribosomal protein S13 (RPS13A) Unclassified protein  A 
At3g61860  arginine/serine-rich splicing factor RSP31 (RSP31) Unclassified protein  A 
At3g61960  protein kinase family protein Unclassified protein  A 
At3g62600  DNAJ heat shock family protein Unclassified protein  A 
At3g62870  60S ribosomal protein L7A (RPL7aB) Unclassified protein  A 
At4g00100  40S ribosomal protein S13 (RPS13A) Unclassified protein  A 
At4g00810  60S acidic ribosomal protein P1 (RPP1B) Unclassified protein  A 
At4g02220  zinc finger (MYND type) family protein / programmed 
cell death 2 C-terminal domain-containing protein 
Unclassified protein  A 
At4g02380  late embryogenesis abundant 3 family protein / LEA3 
family protein 
Unclassified protein  A 
At4g02890  polyubiquitin (UBQ14) Unclassified protein  A 
At4g03190  F-box family protein (FBL18) Unclassified protein  E 
At4g03320  chloroplast protein import component-related Unclassified protein  A 
At4g04220  disease resistance family protein, contains leucine 
rich-repeat (LRR) domains 
Unclassified protein  A 
At4g04530  Ulp1 protease family protein (snoR29) Unclassified protein  A 
At4g08470  mitogen-activated protein kinase Unclassified protein  A 
At4g09320  nucleoside diphosphate kinase 1 (NDK1) Unclassified protein  A 
At4g09800  40S ribosomal protein S18 (RPS18C)  Unclassified protein  A 
At4g10040  cytochrome c Unclassified protein  A 
At4g10500  oxidoreductase, 2OG-Fe(II) oxygenase family protein Unclassified protein  A 
At4g11000  ankyrin repeat family protein Unclassified protein  B 
At4g11890  protein kinase family protein Unclassified protein  A 
At4g12600  ribosomal protein L7Ae/L30e/S12e/Gadd45 family 
protein 
Unclassified protein  A 
At4g13850  glycine-rich RNA-binding protein (GRP2) Unclassified protein  A 
At4g13900  pseudogene, similar to NL0D, contains leucine rich-
repeat domains 
Unclassified protein  A 
At4g14320  60S ribosomal protein L36a/L44 (RPL36aB)  Unclassified protein  A 
At4g14420  lesion inducing protein-related Unclassified protein  A 
At4g14430  enoyl-CoA hydratase/isomerase family protein Unclassified protein  A 
At4g15000  60S ribosomal protein L27 (RPL27C)  Unclassified protein  A 
At4g16720  60S ribosomal protein L15 (RPL15A)  Unclassified protein  A 
At4g18100  60S ribosomal protein L32 (RPL32A) Unclassified protein  A 
At4g18730  60S ribosomal protein L11 (RPL11C)  Unclassified protein  A 
At4g20020  expressed protein  Unclassified protein  A 
At4g21800  ATP-binding family protein Unclassified protein  A 
At4g23150 protein kinase family protein Unclassified protein  A 
At4g23220  protein kinase family protein Unclassified protein  A 
At4g23470  hydroxyproline-rich glycoprotein family protein Unclassified protein  A 
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At4g23570  phosphatase-related Unclassified protein  A 
At4g23885  Expressed protein Unclassified protein  A 
At4g24190  shepherd protein (SHD) / clavata formation protein Unclassified protein  A 
At4g24920  protein transport protein SEC61 gamma subunit Unclassified protein  A 
At4g24980  nodulin MtN21 family protein Unclassified protein  A 
At4g25340  immunophilin-related / FKBP-type peptidyl-prolyl cis-
trans isomerase-related 
Unclassified protein  A 
At4g25610  zinc finger (C2H2 type) family protein Unclassified protein  E 
At4g25730  FtsJ-like methyltransferase family protein Unclassified protein  A 
At4g25740  40S ribosomal protein S10 (RPS10A) Unclassified protein  A 
At4g26230  60S ribosomal protein L31 (RPL31B), Unclassified protein  A 
At4g26910  2-oxoacid dehydrogenase family protein Unclassified protein  A 
At4g29160  SNF7 family protein Unclassified protein  A 
At4g29410  60S ribosomal protein L28 (RPL28C) Unclassified protein  A 
At4g31180  aspartyl-tRNA synthetase Unclassified protein  A 
At4g31700  40S ribosomal protein S6 (RPS6A) Unclassified protein  A 
At4g31985  Expressed protein  Unclassified protein  A 
At4g32870  expressed protein Unclassified protein  A 
At4g33300  disease resistance protein (CC-NBS-LRR class) Unclassified protein  A 
At4g33865  40S ribosomal protein S29 (RPS29C)  Unclassified protein  A 
At4g34050  caffeoyl-CoA 3-O-methyltransferase Unclassified protein  A 
At4g34670  40S ribosomal protein S3A (RPS3aB)  Unclassified protein  A 
At4g36990  heat shock factor protein 4 (HSF4) Unclassified protein  A 
At4g37910  heat shock protein 70 Unclassified protein  A 
At4g39200  40S ribosomal protein S25 (RPS25E) Unclassified protein  A 
At5g02050  mitochondrial glycoprotein family protein / MAM33 
family protein 
Unclassified protein  E 
At5g02610  60S ribosomal protein L35 (RPL35D) Unclassified protein  A 
At5g03850  40S ribosomal protein S28 (RPS28B) Unclassified protein  A 
At5g04600  RNA recognition motif (RRM)-containing protein Unclassified protein  A 
At5g04800  40S ribosomal protein S17 (RPS17D) Unclassified protein  A 
At5g05370  ubiquinol-cytochrome C reductase complex 
ubiquinone-binding protein 
Unclassified protein  A 
At5g06320  harpin-induced family protein / HIN1 family protein / 
harpin-responsive family protein / NDR1/HIN1-like 
protein 3 
Unclassified protein  A 
At5g08180  ribosomal protein L7Ae/L30e/S12e/Gadd45 family 
protein 
Unclassified protein  A 
At5g09510  40S ribosomal protein S15 (RPS15D) Unclassified protein  A 
At5g10360  40S ribosomal protein S6 (RPS6B)  Unclassified protein  A 
At5g10380  zinc finger (C3HC4-type RING finger) family protein Unclassified protein  A 
At5g10760  aspartyl protease family protein Unclassified protein  A 
At5g11200  DEAD/DEAH box helicase Unclassified protein  A 
At5g13320  auxin-responsive GH3 family protein Unclassified protein  A 
At5g13880  expressed protein  Unclassified protein  A 
At5g14880  potassium transporter Unclassified protein  A 
At5g15090  porin, putative / voltage-dependent anion-selective 
channel protein 
Unclassified protein  A 
At5g15750  RNA-binding S4 domain-containing protein Unclassified protein  A 
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At5g16130  40S ribosomal protein S7 (RPS7C) Unclassified protein  A 
At5g18800  NADH-ubiquinone oxidoreductase 19 kDa subunit 
(NDUFA8) family protein 
Unclassified protein  A 
At5g19240  expressed protein  Unclassified protein  A 
At5g19510  elongation factor 1B alpha-subunit 2 (eEF1Balpha2) Unclassified protein  A 
At5g20000  26S proteasome AAA-ATPase subunit Unclassified protein  A 
At5g20010  Ras-related GTP-binding nuclear protein (RAN-1) Unclassified protein  A 
At5g20230  plastocyanin-like domain-containing protein  Unclassified protein  A 
At5g20290  40S ribosomal protein S8 (RPS8A) Unclassified protein  A 
At5g20720  20 kDa chaperonin, chloroplast (CPN21) Unclassified protein  A 
At5g23540  26S proteasome regulatory subunit Unclassified protein  A 
At5g23740  40S ribosomal protein S11 (RPS11C)  Unclassified protein  A 
At5g24210  lipase class 3 family protein Unclassified protein  A 
At5g24530  oxidoreductase, 2OG-Fe(II) oxygenase family protein Unclassified protein  A 
At5g24740  expressed protein  Unclassified protein  A 
At5g25440  protein kinase family protein Unclassified protein  A 
At5g27060  disease resistance family protein Unclassified protein  A 
At5g27820  ribosomal protein L18 family protein Unclassified protein  A 
At5g28060  40S ribosomal protein S24 (RPS24B) Unclassified protein  A 
At5g28510  glycosyl hydrolase family 1 protein Unclassified protein  A 
At5g28540  luminal binding protein 1 (BiP-1) Unclassified protein  A 
At5g35680  eukaryotic translation initiation factor 1A Unclassified protein  A 
At5g37830  hydantoinase/oxoprolinase family protein Unclassified protein  A 
At5g38470  DNA repair protein RAD23 Unclassified protein  A 
At5g38650  proteasome maturation factor UMP1 family protein Unclassified protein  A 
At5g39670  calcium-binding EF hand family protein Unclassified protein  A 
At5g39740  60S ribosomal protein L5 (RPL5B), Unclassified protein  A 
At5g40580  20S proteasome beta subunit B (PBB2) Unclassified protein  A 
At5g41010  DNA-directed RNA polymerases I, II, and III 7 kDa 
subunit 
Unclassified protein  A 
At5g42150  expressed protein  Unclassified protein  A 
At5g42380  calmodulin-related protein Unclassified protein  A 
At5g42790  20S proteasome alpha subunit F1 (PAF1) Unclassified protein  A 
At5g43910  pfkB-type carbohydrate kinase family protein Unclassified protein  A 
At5g44240  haloacid dehalogenase-like hydrolase family protein Unclassified protein  A 
At5g45500  expressed protein Unclassified protein  A 
At5g45800  leucine-rich repeat transmembrane protein kinase Unclassified protein  A 
At5g45960  GDSL-motif lipase/hydrolase family protein  Unclassified protein  A 
At5g46050  proton-dependent oligopeptide transport (POT) family 
protein 
Unclassified protein  A 
At5g47200  Ras-related GTP-binding protein Unclassified protein  A 
At5g47210  nuclear RNA-binding protein Unclassified protein  A 
At5g48410 glutamate receptor family protein (GLR1.3) Unclassified protein  A 
At5g49910  heat shock protein 70 / HSP70 (HSC70-7) Unclassified protein  A 
At5g50870  ubiquitin-conjugating enzyme Unclassified protein  A 
At5g52470  fibrillarin 1 (FBR1) (FIB1) Unclassified protein  A 
At5g52650  40S ribosomal protein S10 (RPS10C) Unclassified protein  A 
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At5g52750  heavy-metal-associated domain-containing protein Unclassified protein  A 
At5g53120  spermidine synthase Unclassified protein  A 
At5g53650  expressed protein  Unclassified protein  A 
At5g54580  RNA recognition motif (RRM)-containing protein Unclassified protein  A 
At5g55450  protease inhibitor/seed storage/lipid transfer protein 
(LTP) family protein 
Unclassified protein  A 
At5g56260  dimethylmenaquinone methyltransferase family 
protein 
Unclassified protein  A 
At5g58290  26S proteasome AAA-ATPase subunit (RPT3) Unclassified protein  A 
At5g58710  peptidyl-prolyl cis-trans isomerase Unclassified protein  A 
At5g59820  zinc finger (C2H2 type) family protein (ZAT12) Unclassified protein  A 
At5g59850  40S ribosomal protein S15A (RPS15aF) Unclassified protein  A 
At5g60390  elongation factor 1-alpha / EF-1-alpha Unclassified protein  A 
At5g60670  60S ribosomal protein L12 (RPL12C) Unclassified protein  A 
At5g60800  heavy-metal-associated domain-containing protein Unclassified protein  A 
At5g61170  40S ribosomal protein S19 (RPS19C) Unclassified protein  E 
At5g61790  calnexin 1 (CNX1) Unclassified protein  A 
At5g62620  galactosyltransferase family protein Unclassified protein  A 
At5g64310  arabinogalactan-protein (AGP1) Unclassfied protein  A 
At5g64510  expressed protein  Unclassified protein  A 
At4g11350  fringe-related protein Unclassified protein  E 
 
 
 
* Expression patterns: 
 
 
 
 
 
 
 
 
 
 
 
 
 
Visual inspection of the profiles of the 330 down-regulated genes in mock- and virus-treated samples was used to 
generate the six representative patterns shown here. Solid lines represent the expression profiles of mock-inoculated 
samples and dashed lines represent the expression profiles of TuMV-infected samples across four zones (0, 1, 2, and 3). 
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CHAPTER 3 
DOWN REGULATION OF CELL WALL GENES IN RESPONSE TO 
TURNIP MOSAIC VIRUS INFECTION INVOLVES AN UNIQUE RNA 
SILENCING PATHWAY 
A manuscript in preparation 
Chunling Yang and Steven A Whitham 
3.1 Abstract 
 Turnip mosaic virus (TuMV) strain UK1 typically causes severely stunted growth in 
Arabidopsis thaliana plants. To date, there is not a complete understanding of the molecular 
basis of the stunted growth symptom, which is caused by a variety of plant viruses. Recently, 
several genes with functions that are predicted to be positively correlated with cell wall 
extensibility and growth were shown to be down regulated during viral infection. These 
genes encode proteins that are predicted or known to belong to the following biochemical 
functions: pectin methylesterases, xyloglucan endotransglucosylase/hydrolase, expansins, 
and the brassinolide biosynthesis enzyme DWARF1 (DWF1). In order to test the functions of 
these genes in the stunted growth phenotype, they were over expressed in transgenic plants 
under the control of the constitutive CaMV 35S promoter. However, when the lines were 
infected with TuMV they all showed stunted growth phenotypes similar to TuMV-infected 
wild type plants. Reverse transcriptase-PCR analysis demonstrated that the transcript levels 
of these genes were still down regulated as they were in wild type plants infected by TuMV. 
Because the activity of the 35S promoter is not reduced by viral infection, these data 
suggested that the genes are down regulated by a post-transcriptional mechanism. Infection 
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of a collection of RNAi mutants demonstrated that the decreased mRNA of these genes was 
dependent on DCL1, DCL3, and RDR1/RDR2/RDR6, suggesting that TuMV infection 
activates an RNA silencing mechanism targeting endogenous host genes. 
3.2 Introduction 
A typical consequence of successful virus infection is onset of disease symptoms. Upon 
viral invasion, viruses and plants interact by a variety of offensive, defensive, and counter-
defensive strategies (Carrington and Whitham, 1998; Maule et al., 2002; Lecellier and 
Voinnet, 2004; Whitham and Wang, 2004; Voinnet, 2005). The balance of those interactions 
determines the level of systemic infection, which is ultimately manifested by the appearance 
of specific symptoms. The degree of symptom severity can be affected by many factors, such 
as growth conditions, host growth stage, and host genotype among others. The severity of 
symptoms is not necessarily correlated to inoculum titer implying that disease in most cases 
is the result of specific interactions and not an accumulation of general distress.  
Typical symptoms caused by positive-stranded RNA viruses on A. thaliana include 
chlorosis, compact rosette, mosaic and curled leaves, stunting, and partial sterility. We 
previously reported that a group of genes involved in cell wall extensibility and hormone 
biosynthesis are down regulated during viral infection, including PME (pectin 
methylesterases), XTH (xyloglucan endotransglucosylase/hydrolase), expansins and 
brassinolide biosynthesis enzyme DARWF1 (DWF1) (Yang et al., 2007). XTH, PME and 
expansin all are engaged in the function of plant cell wall expansion. XTH activity is often 
correlated with growth rate. XTHs loosen primary cell walls and enable cell expansion by 
catalyzing the transfer of xyloglucan which functions as polymers that cross link cellulose 
microfibrils, or they may also catalyze hydrolysis to breakdown the xyloglucan-cellulose 
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network (Rose et al., 2002). PMEs catalyze the demethylesterification of cell wall 
polygalacturonans and are necessary in developmental processes such as stem elongation 
(Micheli, 2001). Expansins have been accepted as key regulators of cell wall expansion 
during plant growth, and it has been implicated in biological processes associated with cell 
wall breakdown or softening (Li et al., 2003). DWF1 catalyzes the conversion of 24-
methylenecholesterol to campesterol in brassinosteroid biosynthesis. The dwf1 mutant of A. 
thaliana has reduced synthesis of bioactive brassinosteroid, causing dwarfism (Choe et al., 
1999). Thus, there is a significant amount of literature indicating that coordinated down 
regulation of these genes may contribute to the stunted growth phenotype of TuMV-infected 
plants.  
Extensive work has been undertaken to investigate how viral components interfere with 
host processes to achieve infection (Maule et al., 2002; Lecellier and Voinnet, 2004; 
Whitham and Wang, 2004; Biemelt and Sonnewald, 2006; Kachroo et al., 2006; Robaglia 
and Caranta, 2006). However, deciphering the biological principles behind virus-induced 
symptoms from the plant perspective has been less studied. Currently, the identities of host 
components required for infection and involved in the development of disease symptoms 
remain poorly understood.  
Maule et al. (2002) proposed a model that host gene expression is regulated spatially in 
relation to the direction of virus replication and movement. Accompanying the active 
replication of viruses, the mRNA accumulation of different suites of host genes becomes 
induced or suppressed. Indeed, microarray analysis has shown that diverse viruses induce the 
expression of common sets of genes in compatible host plants and the altered expression of 
these gene sets have distinct patterns of temporal regulation (Whitham et al., 2003; Whitham 
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et al., 2006). These reports lead to the idea that virus components interfere with host 
signaling networks and progressively cause physiological changes and developmental 
abnormalities, which culminate in the appearance of specific symptoms and disease. Thus, 
investigation of pathways through which viruses induce disease has been a key aspect of 
understanding viral symptomatology.  
Inhibition of small RNA generation and function is a mechanism by which viruses 
manipulate the host in order to achieve infection and to cause abnormal plant growth 
(Kasschau et al., 2003; Chapman et al., 2004; Dunoyer et al., 2004). Short interfering RNAs 
(siRNAs) and microRNAs (miRNAs) both can mediate RNA interference (RNAi) that is 
involved in regulating development, genome stability, and responses to biotic and abiotic 
stresses. In addition, RNAi has a protective function through the degradation of viral RNA 
species. This antiviral response is mediated through the production of virus-derived siRNA 
(Voinnet, 2001). As a counter-defensive strategy viruses encode various RNAi suppressors. 
A few examples include P1-HC-Pro of Turnip mosaic virus (TuMV), the P38 protein of 
Turnip crinkle virus (TCV), and the P19 protein of Tomato bushy stunt virus (TBSV) (Llave 
et al., 2000; Qu and Morris, 2002; Thomas et al., 2003). These multifunctional viral proteins 
can cause dramatic effects on plant growth and development, because their roles in protecting 
viruses from degradation coincidently interfere with either the processing or functions of 
endogenous miRNAs (Kasschau et al., 2003; Chapman et al., 2004; Dunoyer et al., 2004).  
All of the RNAi pathways are triggered by double-stranded RNAs (dsRNAs) which are 
cleaved by Dicer-like proteins (DCL), an RNase III enzyme, to produce siRNAs or miRNAs. 
These 21-25 nucleotide small RNAs are then incorporated into Argonaute (AGO) in which 
they direct the cleavage of single-stranded RNAs complementary to small RNAs. RNA-
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dependent RNA polymerase (RDR) is also required in some cases to initiate and amplify the 
primary silencing target. In A. thaliana, ten AGOs, four DCLs and three functional RDRs 
have been identified (Dalmay et al., 2000; Morel et al., 2002; Schauer et al., 2002). 
Accumulating evidence supports the view that smRNA pathways in A. thaliana comprise a 
complex network (Vaucheret, 2006).  
In this study, we addressed the potential functions of cell wall genes in virus-infected 
plants and mechanisms by which their expression is regulated. Over-expression of EXP10 
(At1g26770), PME3 (At3g14310), XTH6 (At5g65730), and DWF1 (At3g19820) under 
control of the constitutive Cauliflower mosaic virus (CaMV) 35S promoter did not alter the 
symptoms, and more interestingly, did not prevent the decreased expression of the genes of 
interest. Further analysis of the endogenous expression of these genes in a collection of RNA 
silencing mutants demonstrated that an RNA degradation mechanism dependent upon DCL1, 
DCL3, and RDR1/RDR2/RDR6. These results demonstrate that a novel virus induced RNAi 
mechanism may be involved for the repression of some host genes by viral infection.  
3.3 Results 
Transgenic A. thaliana lines that over express PME3, XTH6, EXP10 and DWF1 
Previously we reported that the mRNA transcript abundance of a suite of cell wall 
modification genes and a brassinolide biosynthetic gene, including EXP10 (At1g26770), 
PME3 (At3g14310), XTH6 (At5g65730), and DWF1 (At3g19820) was reduced during 
TuMV infection. To begin investigating the functions of PME3, XTH6, EXP10 and DWF1 in 
the TuMV induced disease symptoms, we fused the full-length open reading frame of each 
gene with the strong constitutive CaMV 35S promoter and over expressed each of these 
genes in the Columbia-0 (Col-0) A. thaliana ecotype (Figure 3.1A). Five to ten independent 
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transgenic lines were generated for each construct. The growth and development of all 
35S::PME3, 35S::XTH6 and 35S::EXP10 transformants were similar to wild type, but there 
were noticeable differences between 35S::DWF1 over-expression lines and Col-0. The leaves 
and stems of 35S::DWF1 trangenic plants were thicker than wild type plants (not shown). We 
used semi-quantitative RT-PCR to compare the transcript levels of each of the transgenes to 
their normal levels in wild type plants. Transgenic lines expressing a much higher RNA level 
were identified for all of the genes. As shown in Figure 3.1B, four T2 lines from 35S::EXP10 
construct had much higher EXP10 transcript level compared to Col-0. Similar results were 
observed for three T2 lines from 35S::PME3 and two T2 lines from 35S::DWF1. Of the four 
35S::XTH6 T2 lines tested, three lines had elevated levels of XTH6 transcripts, but the fourth 
was not different. 
Over expression of PME3, XTH6 and EXP10 did not alter the disease symptoms caused 
by TuMV 
To test whether over expression of selected cell wall genes could alter the stunted 
symptoms caused by TuMV, four 35S::EXP10, two 35S::XTH6, and two 35S::PME3 lines 
were challenged with TuMV. Infection of the Col-0 ecotype with TuMV typically causes a 
severely stunted phenotype characterized by the decreased growth of the flowering bolts of 
infected plants is compared to the bolts of non-infected plants. In this experiment, we 
compared the bolt length of mock and TuMV-infected transgenic lines (mock vs TuMV) to 
wild type A. thaliana (mock vs TuMV) to analyze whether the stunted growth phenotype was 
affected in the over-expression lines. Plants from the 35S::EXP10 transgenic lines had 
shorter bolts beginning from 5 dpi compared to wild type plants but both types of plants grew 
with a similar rate to wild type (Figure 3.2A). However, starting at 10 dpi, the TuMV-
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infected wild type and 35S::EXP10 plants grew at a reduced rate compared to non-infected 
plants. The 35S::PME3 and 35S::XTH6 plants had longer average bolt lengths than wild type 
plants at 0 dpi. The bolts of wild type and transgenic plants grew at a similar rate in all the 
lines until 6 dpi, when bolt growth became dramatically reduced in both wild type and 
transgenic plants (Figure 3.2A). Thus, over expression of any of the three cell wall genes did 
not compensate for the stunted growth of infected plants.  
The inability of over expression of these genes to compensate for the stunted growth 
phenotype could be explained by a few alternative hypotheses. The expression of these genes 
might be down regulated even though they are under control of the constitutive 35S 
promoter, which is not known to have reduced activity in virus-infected plants. Since we 
determined that the transcripts level of each gene in transgenic lines, we were not concerned 
about transgene-mediated PTGS. In addition, many studies have shown that PTGS of 35S 
promoter fusions to reporter genes such as GUS and GFP can be reversed by potyvirus 
infection. A trivial explanation could also be that the down-regulation of these genes has no 
role in the stunted growth phenotype.  
In order to determine the expression levels of the PME3, XTH6, and EXP10 in virus-
infected transgenic plants, we used semi-quantitative RT-PCR. The mRNA transcript levels 
of both mock- and TuMV-infected plants from each transgenic line compared to wild type. 
Surprisingly, dramatic decreases of the target gene mRNA transcript were observed for 
nearly all of the lines of transgenic plants infected by TuMV (Figure 3.2B). For example, the 
transcript level of PME3 was reduced similarly in the TuMV-infected wild type and 
35S::PME3 T2-4 plants. The 35S::PME3 T2-3 plants were not as dramatic, but a strong 
decrease was also demonstrated. Similar results were also observed in 35S::XTH6 T2-1 and 
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T2-10 plants, 35S::EXP10 T2-1 and T2-5 plants, and 35S::DWF1 T2-3 plants. 
The 35S promoter is not repressed in response to TuMV infection  
There has been no report that CaMV 35S promoter activity is repressed in response to 
viral infection, and in fact 35S promoter is derived from a virus. However, we could not 
exclude the possibility that TuMV specifically reduces the activity of the CaMV 35S 
promoter. To test this possibility, we analyzed the activity of CaMV 35S::GUS reporter 
fusion in response to TuMV infection by a GUS fluorometric assay. As shown in Figure 3.3, 
there is no decrease in GUS activity of TuMV-infected tissue compared to mock-infected 
tissue.  
Genes involved with an RNAi mechanism are required for the decreased expression of 
cell wall genes 
RNA silencing is a conserved mechanism of post transcriptional gene regulation among 
eukaryotic organisms. To investigate the whether an RNAi pathway is involved in the down 
regulation of the mRNA of the selected cell wall genes, a collection of A. thaliana mutants 
with loss of function mutations in DICER-LIKE (DCL) and RNA DEPENDENT RNA 
POLYMERASE (RDR) genes were infected with TuMV. The transcript levels of the four 
target genes were estimated by semi-quantitative RT-PCR in infected versus mock-infected 
plants. In the dcl1-7 single mutant and the dcl2-1/dcl3-1/dcl4-1 and rdr1-1/rdr2-1/rdr6-15 
triple mutants, PME3 mRNA was only slightly reduced, which was in contrast to the 
dramatic decrease in Col-0 wild type plant (Figure 3.4A). This result indicated that DCL1 in 
a combination with other DICER and RDR genes were necessary for the decreased 
expression of PME3.  
To further delineate the role of the specific DCL and RDR genes required for down 
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regulation of PME3, its expression was measured in the dcl2-1/dcl3-1, dcl2-1/dcl4-1 and 
dcl3-1/dcl4-1 double mutants (Figure 3.4B). As in wild type plants, PME3 mRNA was 
dramatically reduced in dcl2-1/dcl4-1, but it was only slightly reduced in dcl2-1/dcl3-1 and 
dcl3-1/dcl4-1 indicating the repression of PME3 was DCL3 dependent. The rdr1-1, rdr2-1, 
and rdr6-15 single mutants were also tested for their effects on PME3 mRNA accumulation. 
A decrease in PME3 mRNA level was observed for all three of the mutants, but not to the 
same extent as in wild type. This result indicated that RDR1, RDR2, and RDR6 have partially 
redundant functions in decreased accumulation of PME3 mRNA in response to TuMV 
infection.  
To determine whether these effects applied to other genes that were down regulated in 
response to TuMV infection, the expression of XTH6, EXP10, and DWF1 was also analyzed 
in the three DCL double mutants and the three RdRPs single mutants (Figure 3.4B). Similar 
results were obtained demonstrating that these four genes are down regulated by TuMV 
through the same pathway involving DCL1, DCL3, and RDR1/RDR2/RDR6.   
3.4 Discussion 
A suite of cell wall modification genes and a related hormone biosynthesis gene, 
including AtEXP10, AtPME3, AtXTH6, and AtDWF1, are repressed during TuMV infection. 
The known or predicted functional roles of these genes in normal plant development suggest 
a possible link between their expression and the stunted growth disease symptom. When the 
full-length cDNA clones of these genes were expressed under the control of the CaMV 35S 
promoter, they failed to compensate for the symptoms of TuMV infection, which prompted 
us to investigate the expression levels of each gene during TuMV infection. The reduced 
expression of these genes in spite of the CaMV 35S promoter suggested that it was controlled 
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by a post transcriptional mechanism. Analysis of a collection of RNAi mutants demonstrated 
that down-regulation of these genes is dependent on DCL1 and DCL3, RDR1, RDR2, and 
RDR6. These findings identify an RNA silencing pathway that is induced by TuMV infection 
and targets specific endogenous genes for down regulation.  
In A. thaliana, four specialized DCL proteins have been identified (Brodersen and 
Voinnet, 2006; Vaucheret, 2006). Coordinated or hierarchical actions of DCL proteins have 
been demonstrated to be required for antiviral defense and virus-induced silencing of host 
genes (Deleris et al., 2006; Moissiard and Voinnet, 2006). In the process of antiviral defense, 
DCL4 is primary sensor that generates 21-nt siRNAs and activity of DCL2 is only 
manifested when DCL4 was suppressed. While a combined action of both proteins are 
required for complete defense. In the process of CaMV derived host gene silencing, DCL2, 
DCL3, and DCL4 efficiently produced 22-, 24-, and 21-nt vsRNAs, respectively and DCL1 
plays a facilitating role for accumulation of these sepcies of vsRNAs (Moissiard and Voinnet, 
2006).  
Among four specialized DCLs, DCL3 is the only one functioning in the nucleolus and it 
mediates the nuclear dsRNA cleavage to generate 24-nt siRNAs that guide the RNA-directed 
DNA methylation (RdDM) (Chan et al., 2004; Xie et al., 2004). DNA methylation then 
results in heterochromatin formation or transcriptional repression of transposon and DNA 
repeats. In the nucleus, short RNAs or even dsRNA could guide methylation of homologous 
DNA. It may directly guide the chromodomain of chromomethylase (CMT) to DNA 
sequence, or base pair with one homologous DNA strand, and leave another single-stranded 
DNA to form an unusual bulge, which can attract a de novo DNA methyltranferase (DNMT) 
(Matzke et al., 2001; Chan et al., 2004). DCL1 functions in cleavage of the 
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intergenic/intronic fold-back precursors encoded by MIR genes to generate 21 nt miRNAs 
(Bartel, 2004). At this time, the mechanism which DCL1 and DCL3 work collectively to 
down-regulate the expression of AtEXP10, AtPME3, AtXTH6, and AtDWF1 is unclear. 
Moreover, the fact that TuMV has no stretches of homology that could direct degradation of 
these host genes means that there are no sources of vsRNA that could mediate this 
inactivation. An interesting possibility could be that TuMV induces the transcription of  
natural antisense transcripts, which could mediate this suppression (Borsani et al., 2005). 
RDR functions in initiation and maintenance of silencing responses by producing dsRNA 
from viral/transgene templates or amplifying mobile silencing signals. Involvement of the 
RDR 1, RDR2 and RDR6 suggests that the RNA silencing signal is specifically amplified for 
these genes. As to a specific role of each RDR, RDR1 and 6 are thought to be involved in 
VIGS and PTGS. RDR6 is also required for DCL4-depedent trans-acting siRNA (tasiRNAs) 
production (Gasciolli et al., 2005). RDR2 is required for the generation of all endogenous 
siRNA analyzed and its exact role is not yet clearly understood (Wassenegger and Krczal, 
2006).  
Regarding the results presented here, one hypothesis is that DCL1 mediates the primary 
cleavage from endogenous source of dsRNA induced by TuMV. Then RDRs specifically 
amplify the small RNA signal for those genes, and then DCL3 is involved in the subsequent 
steps of RNA cleavage. Analyzing the species of siRNA produced in this process and 
mutants of other components of silencing machinery, such as the required AGOs, will be 
necessary to further explore this pathway. Given the existence of four DCLs, six RDRs and 
ten AGOs in the A. thaliana plant, there is still much more to be learned about the role of 
each component of RNAi machinery play in RNA silencing. The findings in this study could 
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be a promising new research direction to further characterize the plant RNAi network. 
3.5 Material and methods 
Plasmid construction 
The full-length open reading frames, EXP10 (At1g26770), PME3 (At3g14310), XTH6 
(At5g65730), and DWARF1 (At3g19820) were amplified from A. thaliana first-strand cDNA 
with HiFi Taq DNA polymerase (Invitrogen, Carlsbad, CA, U.S.A.) using the 
oligonucleotide primers listed in Table 3.1. The PCR products were TOPO-cloned into the 
pCRII vector (Invitrogen, Carlsbad, CA, U.S.A.) and sequenced to verify the accuracy of the 
DNA fragment. For expression in A. thaliana, the open reading frames of EXP10 
(At1g26770) and DWF1 (At3g19820) were cloned into the BglII and PmlI site of pCambia 
3301 under control of the 35S promoter, and the open reading frames for PME3 (At3g14310) 
and XTH6 (At5g65730) were cloned into XbaI and XhoI sites of binary vector PBI111L 
under control of the CaMV 35S promoter.  
Plant material, growth and generation of transgenic lines 
CaMV35S::GUS over-expression transgenic plants were kindly provided by Xiaomin Yu 
from Dr. Eev Wurtele’s lab. The dcl and rdr mutant lines were kindly provided by Dr. James 
Carrington’s lab (Deleris et al., 2006).  
A. thaliana plants were grown in 4 inch pots at 22°C in a growth chamber under a 16 h 
light/8 h dark cycle. All constructs were transferred into Agrobacterium. tumefaciens strain 
GV3101 and transformation of the A. thaliana Columbia-0 ecotype was conducted as 
described (Clough and Bent, 1998). T1 seeds from the 35S::PME3 and 35S::XTH6 construct 
transformations were screened on MS plates with 100 mg/L kanamycin. T1 seeds from 
35S::EXP10, 35S::DWF1, and the BGL2::PME3 construct transformations were screened 
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with diluted herbicide (1:1000 v/v) Finale (AgrEvo USA, Wilmington, DE, USA). Five to ten 
T1 seedings from each construct that survived selection were transferred to individual pots 
for self fertilization and production of T2 seeds.  
Virus inoculation and measurement of bolt growth 
TuMV-infected leaf tissue was obtained from a full-length infectious clone as described 
(Yang et al., 2007). Sap inoculum was prepared at a 1 to 5 w/v dilution in potassium 
phosphate buffer pH 7.2. Col-0 ecotype plants and T2 seedlings expressing each construct 
were transferred to 4 inch pots 2 weeks after germination. At 5 weeks old, three leaves of 
each A. thaliana wild type or transgenic plant were dusted with carborundum and rub-
inoculated with a cotton-stick applicator. For each line, 5 to 6 plants were treated with TuMV 
or mock inoculated. 
RNA extraction and RT-PCR 
Total RNA was isolated from wild type or transgenic A. thaliana plant tissues using a 
TRIzol method as described (Huang et al 2005) and treated with RNase-free DNaseI 
(Invitrogen). First strand cDNA was synthesized using 1 μg of total RNA, oligo d(T24) 
primer and Superscript III reverse transcriptase (Invitrogen). Primers used for semi-
quantitative RT-PCR of PME3 and ACTIN8 are shown in Table 3.1. PCR reactions for PME3 
were conducted using the following thermal cycling profile: 95 ºC, 30 second; 55 ºC, 30 
second; and 72 ºC, 2 minutes for 27 cycles. PCR reactions for ACTIN8 were conducted using 
the following thermal cycling profile: 95 ºC, 30 second; 58 ºC, 30 second; and 72 ºC, 60 
second for 27 cycles.  
GUS histochemical and fluorometric assay 
GUS activity was visualized by immersion of dissected leaf in 50 mM sodium phosphate 
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(pH 7.2), 0.5 mM potassium ferri- and ferro-cyanide, 2 mM X-gluc, and 0.05% Triton X-100 
under vacuum for 10 min, followed by incubation at 37 °C overnight.  
The fluorogenic reaction was performed in 40mM NaH2PO4 pH7.0, 10mM EDTA 
pH8.0, 0.1% Triton X-100, 3.4 mM sodium lauryl sarcosine, 8.3 mM β-mercaptroethanol, 
1.9 mM 4-MUG substrate buffer with a reaction volume of 50 μl. The reaction was incubated 
at 37°C for 30 minute, and then terminated with the addition of 88 mM Na2CO3 to 1.5 ml 
total. Fluorescence was measured on a Hoefer DyNA Quant 200 spectrofluorimeter 
(Amersham, Uppsala, Sweden).  
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Table 3.1  Sequences of primer pairs and annealing temperature used for PCR amplification. 
 
Genes Forward primer (5’ to 3’) Reverse primer (5’ to 3’) Temp 
At1g26770 
(EXP10) 
AGTCAGATCTCATGGGTCATCTTGGG
TTCTTAG 
CCACGTGGCCCTTTTTAACGG
AACTGTCCAC 
58 ºC 
At3g14310 
(PME3) 
CTCTAGAAATGGCACCATCAATGAAA
GAAATT 
CCTCGAGTCAAAGACCGAGCG
AGAAGGG’ 
55 ºC 
At3g19820  
(DWF1) 
AGTCAGATCTGGAAATGTCGGATCTTC
AGACACCGCTTG 
CCACGTGATTATTACTTAATCTG
CCTCGGC 
55 ºC 
At5g65730  
(XTH6) 
CTCTAGAGATGGCTAAGATATATTCCC
CTTC’ 
CCTCGAGTCAAGCACGACACT
CGGGTGGTG 
55 ºC 
ACTIN8 GAGACATCGTTTCCATGACG TCCGAGTTTGAAGAGGCTACA 58 ºC 
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Figure 3.1 RT-PCR analysis of transgenic over-expression lines.   
A, Cloning scheme of the four over-expression constructs. B, Semi-quantitative RT-PCR was 
used to determine relative levels of each gene in leaf tissue of wild type and over-expression 
lines. In this and other figures, Actin8 was utilized as a control gene, which does not respond 
to viral infection (Yang et al 2007). 
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Figure 3.2 Over expression of cell wall genes does not inhibit the stunted growth caused by 
TuMV. 
A, Bolt growth in transgenic lines over expressing cell wall genes as compared to Col-0 wild 
type plants. a, b, c, and d, four independent lines of transgenic 35S::EXP10. e and f, two 
independent lines of transgenic 35S::XTH6. g and h, two independent lines of transgenic 
35S::PME3. Bolt length is the average value from 5 to 6 plants. B, Relative expression levels 
of each gene in fluorescence tissue from wild type and over-expression lines in response to 
TuMV infection by semi-quantitative RT-PCR at 14 dpi.  
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Figure 3.3 Activities of CaMV35S promoter in response to TuMV comparing to mock 
treatment. Using CaMV 35S::GUS reporter fusion, the activity of 35S promoter was 
determined using a fluorogenic GUS activity assay. 
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Figure 3.4 RNA silencing genes are involved in the down-regulation of EXP10, PME3, 
XTH6, and DWF1.  
A, RT-PCR results of the comparison of PME3 mRNA transcript levels in Col-0 and dcl1-7, 
dcl2-1/3-1/4-1 and rdr1-1/2-1/6-15 mutants in response to TuMV. B, RT-PCR results 
showing the relative expression level of four genes in three DCL double mutants and three 
RDR single mutants.  
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CHAPTER 4  
INDUCTION OF NECESSARY HOST FACTORS, THE RIBOSOMAL 
PROTEINS, BY PLANT VIRUSES 
A manuscript in preparation 
Chunling Yang and Steven A. Whitham 
4.1 Abstract 
Potyviruses have recently been shown to cause an increase in the mRNA transcript 
abundance of ribosomal protein (r-protein) mRNAs. In the case of Turnip mosaic virus 
(TuMV) in Arabidopsis thaliana leaves, at least 69 r-protein genes were increasingly up-
regulated in proportion to TuMV accumulation. This observation correlated the expression of 
these host genes with viral infection and led us to investigate whether r-proteins are 
important host factors for virus amplification. Because loss-of-function of selected r-proteins 
was homozygous lethal in A. thaliana, the virus induced gene silencing method was used to 
silence the expression of RPS6, RPL19, RPL13, RPL7, and RPS2 in Nicotiana benthamiana. 
Plants in which the expression of each of these r-protein genes was silenced displayed similar 
phenotypes characterized by severely stunted growth, altered shape of the newest leaves, and 
chlorosis. Leaves showing these phenotypes were inoculated with TuMV or Tobacco mosaic 
virus (TMV) tagged with GFP. The accumulation of TuMV was strongly dependent on 
expression of each RP, but TMV was less affected, especially in RPS6-silenced plants. These 
results are particularly interesting when considered in the context of the translation strategies 
of these two viruses - TuMV is cap-independent and TMV is cap-dependent.  
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4.2 Introduction 
As obligate intracellular parasites, plant viruses rely on host components at every step of 
their infection cycles after entry into the host symplast (Maule et al., 2002; Whitham and 
Wang, 2004). A key point of interaction common to all viruses is that they must utilize host 
translational machinery to produce structural and non-structural proteins from their genomic 
and/or messenger RNAs (mRNAs). Ribosomes are the essential cellular factories that 
catalyze host and viral protein synthesis in all living organisms. Plants possess three distinct 
sets of ribosomes in the cytoplasm, chloroplasts, and mitochondria, and it is the cytosolic 
ribosomes on which viral RNAs are translated along with nuclear-encoded genes. The 
cytosolic ribosomes of eukaryotic cells comprise four ribosomal RNA molecules (rRNAs) 
and about 80 unique ribosomal proteins (r-proteins). Thirty-two of these r-proteins are 
localized to the small 40S ribosomal subunit and the other 48 are present in the large 60S 
subunit. In A. thaliana, the r-proteins are encoded by 227 genes (Barakat et al., 2001; Nakao 
et al., 2004; Chang et al., 2005), and thus, many r-proteins are encoded by multiple 
homologous genes.  
Initially r-proteins were identified and named by their association with the small or large 
rRNA subunit and their order of appearance on 2-D protein gels (Kaltschmidt and Wittmann, 
1970). Crystallographic analyses have shown that no r-proteins are close to the reaction site 
for polypeptide synthesis. This observation suggests that r-proteins do not directly participate 
in catalysis and instead they may act as scaffolds to enhance the ability of rRNA to 
synthesize protein. One general function ascribed to r-proteins is RNA chaperone activity 
thought to assist in proper folding of specific domains of the rRNA subunits (Semrad et al., 
2004). In mammalian cells, r-proteins were determined to function in regulating the cell 
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cycle. For example, inhibition of expression of r-protein L13a has been shown to induce 
apoptosis, presumably by arresting cell growth in the G2/M phase of the cell cycle (Chen and 
Ioannou, 1999). Loss of RPL7 causes cells to arrest in the G1 phase and also induces 
apoptosis (Neumann and Krawinkel, 1997). Moreover, mutations in r-proteins have been 
associated with developmental defects and oncogenesis. For example, a conditional deletion 
of one allele of the gene encoding mouse 40S r-protein S6 (RPS6) could cause embryonic 
developmental failure during gastrulation. The failure of these mouse embryos to develop 
properly was attributed to a p53-dependent checkpoint being triggered rather than to a deficit 
in translational capacity (Panic et al., 2007). Several r-proteins have been positively 
correlated with oncogenesis or cellular damage by virtue of increased expression in response 
to these stimuli (Sasaki et al., 2000; Bee et al., 2006; Kobayashi et al., 2006). Collectively, 
these and other studies demonstrate that individual r-proteins are not only structural 
components of mature ribosomes, but they also perform other critical regulatory functions. 
With respect to the host factors required for plant virus translation, several plant 
translation initiation factors have been identified to be essential for viral infection. For 
example, elongation initiation factor 4E (eIF4E) and its isoform (eIFiso4E) have been shown 
to be required in numerous potyvirus infections (Duprat et al., 2002; Lellis et al., 2002; 
Ruffel et al., 2002; Nicaise et al., 2003; Kang et al., 2005; Ruffel et al., 2005). Other plant 
translation initiation factors, such as polyA binding protein (PABP), eIF4G and its isoforms 
also received considerable attention for serving as necessary host factors of virus infection 
(Gallie, 2001, 2002; Ray et al., 2006). However, despite their central role in protein 
translation, limited information is available on the functional relationship between plant r-
proteins and virus infection. Far-Western experiments have shown that the P6 protein of 
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Cauliflower mosaic virus interacts with about a dozen proteins from a ribosomal fraction, 
including r-proteins L18, L24, and L13 as well as the translation initiation factor eIF-3 
(Bureau et al., 2004). It was proposed that these interactions are involved in the reinitiation of 
translation of polycistronic CaMV RNAs. In the case of RNA virsues, an interesting 
phenomenon was observed recently when we identified that a large group of r-protein genes 
(at least 69 genes) were up-regulated in response to Turnip mosaic virus (TuMV) 
accumulation in A. thaliana leaf tissue (Yang et al., 2007). Similarly, the increased 
accumulation of r-protein mRNA transcripts was also observed in N. benthamiana leaves in 
response to Plum pox virus (PPV) infection (Dardick, 2007). Both TuMV and PPV are 
members of the Potyvirus genus. PPV uniquely showed significant induction of protein 
synthesis-related genes compared to two other viruses Tomato ringspot virus (ToRSV) and 
Prunus necrotic ringspot virus (PNRSV), which belong to the Nepovirus and Ilarvirus 
genera, respectively.  
Since viruses must co-opt host cytosolic ribosomes for viral protein synthesis to 
complete their infection cycles, it is reasonable to expect that the increased expression of r-
proteins may be beneficial for certain viruses, such as the potyviruses. In support of this idea, 
a genome-wide screen of Drosophila genes demonstrated the role of r-proteins in the 
accumulation of certain animal viruses (Cherry et al., 2005). This study demonstrated RNA 
silencing of 66 Drosophila r-proteins had a deleterious effect on Drosophila C virus (DCV) 
accumulation and silencing r-proteins in human cells also affected the accumulation of 
poliovirus. DCV and poliovirus utilize cap-independent translation initiation strategies that 
are mediated by internal ribosome entry sites (IRES). However, However, the depletion of r-
proteins did not block the replication of vesicular stomatitis virus, which produces mRNAs 
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with a 5’ 7-methyl guanosine (7mGppp) cap. Interestingly, in plants, induction of a large 
group of r-proteins was observed for both TuMV and PPV (Dardick, 2007; Yang et al., 
2007), which are both potyviruses that utilize a cap-independent translation mechanism that 
may rely on an IRES for translation initiation (Zeenko and Gallie, 2005; Ray et al., 2006). 
The overall structure and function of eukaryotic ribosomes is considered to be conserved 
(Hall, 1984), and so we hypothesized that the observations for DCV and poliovirus might 
represent a universal mechanism for viruses that utilize IRESs to initiate translation. Here we 
further investigate the expression and functions of plant r-proteins in potyvirus (5’ genome-
linked viral protein (VPg)) and tobamovirus (5’ 7mGppp) infections. The data demonstrate 
specific roles of r-proteins in the accumulation of plant viruses that, in part, parallels 
observations about the requirement for r-proteins in cap-independent versus cap-dependent 
viruses that were made in animal host-virus systems. 
4.3 Results 
The RPS6 and RPL19 proteins are highly conserved among eukaryotic organisms 
In general, the approximately 80 r-proteins of cytosolic ribosomes in eukaryotes are 
highly conserved (Lecompte et al., 2002; Wilson and Nierhaus, 2005). For example, 
comparison of the amino acid sequences of all r-proteins from rat and A. thaliana 
demonstrates that on average homologous r-proteins are 66% identical (Barakat et al., 2001). 
We were particularly interested in the RPS6 and RPL19 r-proteins as two representatives 
from the small (40S) and large (60S) ribosomal subunits, for their robust response to TuMV, 
and data on the roles of their Drosophila and human homologs in viral replication. The 
deduced amino acid sequences of RPS6 and RPL19 were compared among A. thaliana, N. 
tabacum, rice, maize, fly, rat and human (Figure 4.1). The deduced amino acid sequence of 
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A. thaliana RPS6A exhibited 87% sequence identity to rice, 87% to maize, 61% identity to 
human and rat, and 57% to Drosophila (Figure 4.1A). Only partial amino acid sequence of N. 
tabacum was available, which had 78% identity to the corresponding region of A. thaliana 
RPS6A. The deduced amino acid sequence of A. thaliana RPL19A also showed similar 
levels of homology with 78% identity to N. tabacum, 82% identity to rice, 87% to a maize 
partial sequence, 60% identity to human and rat, and 57% to Drosophila (Figure 4.1B). The 
strong conservation of the primary amino acid sequence of eukaryotic r-proteins suggests that 
they have highly conserved roles among mammals, insects, and plants. 
Induction of RPS6 and RPL19 is a general feature of viral infection 
We previously demonstrated that TuMV induced the mRNA accumulation of a large 
group of r-protein genes in A. thaliana including homologs of RPS6 and RPL19 (Yang et al., 
2007). We were interested to determine whether increased accumulation of r-protein mRNA 
is unique to potyviruses or if this occurs in other viral infections. For this comparative 
purpose, Oilseed rape mosaic virus (ORMV) was selected as a representative of the genus 
Tobamavirus. ORMV and other tobamoviruses are not related to potyviruses and utilize 
translation initiation mechanisms distinct from potyviruses. For example, tobamoviruses 
produce RNAs with a 7mGppp cap at the 5’ end and they express their genes from both the 
genomic RNA and from shorter sub-genomic RNAs (Hull, 2002). Rosette leaves of A. 
thaliana plants were infected with either TuMV or ORMV and levels of RPS6A and RPL19A 
mRNA and RPS6 protein were determined in systemically infected leaves at 14 days post-
inoculation (dpi). As shown in Figure 4.2A, both TuMV and ORMV induced the 
accumulation of RPS6A and RPL19A mRNA transcripts in A. thaliana. Consistent with the 
induction of mRNA, we also observed that each infection led to an increase in RPS6 protein 
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level (Figure 4.2B). It should be noted that the polyclonal RPS6 antibody cannot distinguish 
RPS6A and RPS6B isoforms which share 93.6% amino acid identity (Figure 4.1A).  
To further test if r-protein mRNA and protein can be induced by potyviruses and 
tobamoviruses in a plant species other than A. thaliana, their expression was determined in 
N. benthamiana. Leaves of N. benthamiana plants were infected with the potyviruses TuMV 
and Tobacco etch virus (TEV) and the tobamovirus, Tobacco mosaic virus (TMV). Semi-
quantitative RT-PCR results demonstrate that the mRNA transcripts of RPS6 and RPL19 
were induced in N. benthamiana leaf tissue by TuMV, TEV, and TMV at 5 dpi. Thus, both 
potyiruses and tobamoviruses can induce the accumulation of RPS6 and RPL19 mRNA 
transcripts in both A. thaliana and N. benthamiana (Figure 4.2B). However, a corresponding 
increase in RPS6 protein was not observed in response to any of the viruses in N. 
benthamiana. This inconsistency may be due to the early time point at which the tissue was 
collected, but unfortunately, collection of tissue at later time points is complicated by plant 
death which begins at 5 dpi with these viruses. Based on these results, we conclude that 
induction of r-protein mRNA and/or protein accumulation is not specific to the A. thaliana-
TuMV interaction.  
RPS6 and RPL19 loss-of-function mutants in A. thaliana 
Since all plant viruses utilize the plant cytosolic translation apparatus for protein 
synthesis and they may benefit from manipulating the mRNA transcript levels of r-protein 
genes, we next decided to determine if specific r-proteins were required for viral infection. 
There are two RPS6 paralogs in A. thaliana named RPS6A and RPS6B and three RPL19 
paralogs named RPL19A, RPL19B, and RPL19C (Figure 4.1). The mRNA transcripts of 
RPS6A, RPS6B, and RPL19A significantly increase in abundance during TuMV infection 
 106
(Yang et al., 2007). To test the functions of RPS6 and RPL19 in TuMV infection, we 
obtained corresponding T-DNA insertion lines of all five genes from the Arabidopsis 
Biological Resource Center (ABRC). Homozygous T-DNA insertion mutants were recovered 
for RPS6B, RPL19B, and RPL19C, but not for the RPS6A and RPL19A T-DNA lines 
suggesting that these two genes are essential for A. thaliana growth and development. The T-
DNA insertions in the SALK_012147 (rps6B), SALK_013042 (rpl19B), and SALK_042253 
(rpl19C) mutants were all within the coding sequences suggesting that they were all null 
mutations. These three lines were inoculated with TuMV, but no difference in the timing of 
infection or symptom severity was observed for these mutants when compared to wild type 
plants (data not shown). 
Silencing of RPS6 and RPL19 and their different effects on TuMV and TMV 
Because of the probable redundancy of paralogous proteins, we were unable to conclude 
whether or not these r-proteins had functional roles in TuMV infection in A. thaliana. As an 
alternative approach, we silenced N. benthamiana RPS6 and RPL19 by using the Tobacco 
rattle virus (TRV) vector for virus-induced gene silencing (VIGS) (Liu et al., 2002; Dinesh-
Kumar et al., 2003). TRV VIGS has the advantage that it is transient, allowing essential 
genes to be targeted, and it is effective against very similar paralogous sequences. N. 
benthamiana plants in which NbRPS6 and NbRPL19 were silenced by VIGS were 
characterized by shortened petioles, chlorotic leaves, and arrested growth. While the plants 
developed some spontaneous necrosis, they did not die up to 45 dpi with TRV::RPS6 (Figure 
4.3A). These symptoms are in contrast to infection by the TRV vector alone which typically 
develop mild mosaic symptoms and slow growth from which the plants recover to resemble 
non-inoculated control plants (Figure 4.3A). VIGS of RPS6 was confirmed by immunoblot 
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analysis using the maize RPS6 antibody, which demonstrated that RPS6 protein was reduced 
to undetectable levels by 14 dpi with TRV::RPS6 (Figure 4.3B). Interestingly, RPL19 
silencing also resulted in a striking decrease of RPS6 protein (Figure 4.3B). RPL19 and RPS6 
do not share any significant stretches of nucleic acid sequence identity that could support 
simultaneous VIGS of both genes. Therefore, these data indicate a trans co-regulation of 
these two genes.  
To determine the effect of silencing RPS6 or RPL19 on virus accumulation, silenced 
plants as well as TRV vector-infected and mock-inoculated control plants were infected with 
TuMV-GFP. TuMV causes severe symptoms in N. benthamiana plants, which cease 
growing, wilt, and die beginning at about 5 dpi. TuMV-GFP infection foci can be easily 
visualized on the inoculated leaves of wild type plants or plants that were previously 
inoculated with the empty TRV vector after 5 dpi (Figure 4.4A). In contrast, TuMV-GFP is 
not visible in inoculated leaves or systemic leaves in plants in which RPS6 is silenced by 
TRV VIGS (Figure 4.4A). Some irregular patches of blue auto-fluorescence can be observed 
on these plants due to necrotic areas that can develop spontaneously on the RPS6-silenced 
plants (Figure 4.4A). These data demonstrate that RPS6 is necessary for TuMV 
accumulation. However, silencing of RPS6 probably leads to general defects in host 
translation and thus reduces the efficiency at which any RNA is translated. To further test 
this specificity, RPS6-silenced plants were inoculated with TMV-GFP. Surprisingly, green 
fluorescent TMV-GFP infection foci developed in RPS6-silenced leaves with with similar 
intensity as non-infected control plants or plants infected with the empty TRV vector (Figure 
4.4B & Table 4.1). The average number of TuMV and TMV infection foci per cm2 were 
determined for three leaves on three different RPS6-silenced plants. For TuMV, a 99% 
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decrease in foci number was observed when numbers of foci on the RPS6-silenced leaves 
were compared to the TRV:00 empty vector control. In contrast, the number of TMV 
infection foci per cm2 decreased only 12% in the RPS6-silenced leaves when compared to the 
empty TRV:00 empty vector control (Table 4.1). These results demonstrate that TuMV (a 
potyvirus) and TMV (a tobamovirus) have different requirements for RPS6, and that despite 
being deficient in RPS6, certain RNA species can be effectively translated in host plant cells.  
While silencing of RPL19 led to similar developmental defects as RPS6, it did not have 
the same consequences on TuMV and TMV replication. As was observed in RPS6-silenced 
plants, the silencing of RPL19 abrogated TuMV infection (Figure 4.4A, Table 4.1). 
Following inoculation with TuMV-GFP, only auto-fluorescence from necrotic areas can be 
observed and almost no TuMV-GFP is visible in the inoculated leaves, which is in contrast to 
the wild type and TRV:00 controls. Inoculation of these plants with TMV-GFP resulted in 
relatively few GFP fluorescent foci on the inoculated leaves compared to the control plants 
(Figure 4.4B & Table 4.1). Because the silencing of either RPS6 or RPL19 resulted in 
immunity to TuMV, we conclude that both r-proteins are essential for TuMV infection, and 
that potyvirus accumulation is more sensitive to the general ribosome integrity than the 
tobamovirus TMV. 
Silencing of RPS2, RPL13 and RPL7 
At the present time, the sequences of only a few cytosolic r-proteins are available from 
GenBank for species of the genus Nicotiana. However, many r-protein sequences are 
available for species belonging to other closely related genera in the Solanaceae, such as 
Capsicum, Lycopersicon, and Solanum. The high conservation of these genes enables 
oligonucleotide primers to be designed from these other species in order to PCR amplify the 
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N. benthamiana orthologs. We designed three additional sets of primers to amplify N. 
benthamiana homologs of RPS2, RPL13 and RPL7 for insertion into the TRV-VIGS vector. 
These oligonucleotide sequences were selected from the most conserved region of each gene 
based on comparisons between orthologs from Capsicum. annuum and A. thaliana or 
Lycopersicon. esculentum and A. thaliana. These particular r-proteins were selected because 
A. thaliana homologs of RPL13 and RPL7 were on our list of genes induced in response to 
TuMV (Yang et al., 2007). RPS2 was selected as a representative of an r-protein whose 
mRNA was not in our list of genes that were differentially regulated by TuMV. TRV-VIGS 
of RPS2, RPL7 and RPL13 caused similar developmental defects to those observed for RPS6- 
and RPL19-silenced plants (Figure 4.5A.). However, we could distinguish two distinct 
classes of phenotypes among the five target genes. Silencing of RPS6 and RPL7 repeatedly 
resulted in a severely stunted growth, more intense chlorosis and spontaneous necrosis, and 
the newest leaves were very flat. In contrast, the newest leaves of RPL19-, RPL13- and 
RPS2-silenced plants were epinastic and had mosaic patches of chlorosis. These observations 
suggest that loss-of-function of the distinct r-proteins may have different consequences on 
plant growth and development. An immunoblot analysis was also carried out to detect the 
RPS6 protein level in each of RPL13- , RPL7- and RPS2- silenced plants. Interestingly, RPS6 
protein was significantly reduced in RPL13- and RPL7-silenced plants while silencing of 
RPS2 had little or no effect on RPS6 accumulation when compared to control plants (Figure 
4.5B). The fact that silencing RPL19, RPL13 and RPL7 all resulted in the severe depletion of 
RPS6 protein (Figure 4.3B & Figure 4.5B), demonstrated that the expression plant r-protein 
genes was highly coordinated as observed in Drosophila cells (Cherry et al., 2005).  
RPS2-, RPL7- and RPL13-silenced plants were infected with either TuMV-GFP or 
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TMV-GFP and accumulation of the viruses was monitored in inoculated leaves. Silencing of 
RPL13 resulted in a dramatic reductin of TuMV and TMV infection foci (Figure 4.6A & B, 
Table 4.1). Silencing of RPL7 resulted in nearly complete immunity to both TuMV and 
TMV, because very few GFP foci were observed in 3 replicates of this experiment (Figure 
4.6A & B, Table 4.1). Silencing of RPS2 led to delayed infection and less infection by both 
TMV and TuMV (Figure 4.6A & B, Table 4.1). In general, the r-protein-silenced plants 
showed more immunity to TuMV than to TMV (Table 4.1). It should be noted that, the 
immunity level of each r-protein-silenced plant was not correlated with the severity of the 
symptoms that were typical of each gene. This observation supports the idea that general 
defects in translation machinery and the corresponding effects on plant development were not 
necessarily the direct cause of virus resistance.  
4.4 Discussion 
R-proteins are necessary host factors for viral infection 
In this study, we have demonstrated that depletion of r-proteins caused plant virus 
infection to be attenuated or abolished. Because many r-proteins are essential, it was 
necessary to utilize TRV VIGS as a transient method to silence the expression of RPS6, 
RPL19, RPL13, RPL7 and RPS2 in N. benthamiana plants. Silencing these five r-proteins 
caused severe developmental defects characterized by stunted growth, short petioles, 
chlorosis, and either flattened leaf blades or epinasty. However, the plants remained viable 
and did not die up through 45 dpi with the TRV silencing constructs. These features of the 
plant system parallel Drosophila melanogaster, in which mutations in r-protein genes cause 
reduced growth and cell division rates, characterized by a reduced body size and short, thin 
bristles (Lambertsson, 1998). In addition, Drosophila cells in which r-proteins are silenced 
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remain viable although with reduced physiological capacities (Cherry et al., 2005). 
TuMV and TMV infection was attenuated or even totally blocked in r-protein loss-of-
function N. benthamiana leaves providing direct evidence for the participation of r-proteins 
as necessary host factors for viral infection in plants. These results add the r-proteins to the 
list of other plant proteins associated with translation that are necessary for viral replication 
and accumulation. Numerous previous studies have shown that translation initiation factors 
eIF4E, PABP, and eIF4G are necessary for plant virus infection (Duprat et al., 2002; Lellis et 
al., 2002; Ruffel et al., 2002; Kang et al., 2005; Gallie, 2001, 2002; Ray et al., 2006). Even 
though these translation factors are necessary for viral replication, they are distinct from the 
r-proteins, because they are not integral components of the ribosome. In the eukaryotic 
translation initiation complex, eIF4G is a ‘scaffolding’ protein, interacting with other 
initiation factors, eIF4E, PABP, eIF4A and eIF3. eIF4E is cap-binding protein and binds the 
7mGppp cap structure at the 5’ end of mRNAs, and it is not yet clear if they promote virus 
translation, prevent translation of cellular mRNAs, or assist in RNA transport during the 
infection process of potyviruses (Wittmann et al., 1997; Leonard et al., 2000; Leonard et al., 
2004; Grzela et al., 2006; Khan et al., 2006; Michon et al., 2006; Miyoshi et al., 2006). 
While, increasing evidence has shown that components of the translation initiation complex 
are generally required for plant RNA virus infection (Wang et al., 1997; Gazo et al., 2004; 
Yoshii et al., 2004; Stein et al., 2005), there has been little investigation into the roles of r-
proteins.  
Differential effects of r-proteins on plant growth and development 
Both RPS6 paralogs in A. thaliana were induced in response to TuMV infection. The 
homozygous rps6B mutant exhibited similar levels of TuMV infection as Col-0 indicating a 
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functional redundancy by RPS6A. However, the inability to recover the homozygous T-DNA 
knock-out for RPS6A suggests that it has an essential role in A. thaliana growth and this 
function can not be compensated by RPS6B. Similarly, for the RPL19 family, homozygous 
mutants of the B and C isoforms had no obvious phenotype and no effect on TuMV 
infection, but homozygous mutants of the A isoform were not obtained.  
When the r-proteins were silenced in N. benthamiana, we observed that loss of function 
of each of the five r-proteins fell into one of two classes of developmental defects though 
they all had the similar core phenotype of severely stunted growth. The RPS6 class included 
RPS6 and RPL7, which had a relatively more stunted architecture with more intense 
chlorosis, spontaneous necrosis on the fully expanded leaves, and the blades of the newest 
leaves were very flat. The RPL19 class included RPL19, RPL13 and RPS2 and was distinct 
from the RPS6 class from the epinastic appearance of the newest leaves and the mosaic 
pattern of chlorosis. These two classes of phenotypes did not correlate with the ribosomal 
subunit that each protein is localized to, because members of each class are found in either 
the small or large subunit. We also noted that the severity of the silencing phenotype did not 
necessarily correspond to inhibition of virus accumulation. RPS2-silenced plants had the least 
severe symptoms as compared to other r-proteins, and they also had the least effect on TMV 
and TuMV infection. The symptoms of plants were less severe than RPS6, but RPL19-
silenced plants were nearly immune to both TuMV and TMV infection. RPS6- and RPL7-
silenced plants had very severe and indistinguishable phenotypes, but RPS6-silenced plants 
supported TMV infection, whereas RPL7-silenced plants did not. These observations support 
the idea that general defects in translation machinery and the corresponding effects on plant 
development were not necessarily the direct cause of inhibition of virus accumulation. 
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Potyviruses and tobamoviruses have different requirements for r-proteins 
Our results demonstrate that both potyviruses and tobamoviruses can induce the 
expression of r-proteins, and conceivably both types of viruses could benefit from increased 
expression of r-proteins. The differential effects of the loss of r-protein function on these two 
virus genera may be related to the distinct mechanisms that each virus utilizes to initiate 
translation. TuMV is a potyvirus that utilizes a cap-independent translation mechanism. 
Potyviruses lack a 5’ 7mGppp cap, and instead possess a covalently linked 5’ genome-
associated viral protein (VPg). Using Tobacco etch virus (TEV) as a model potyvirus, it has 
been shown that cap-independent translation is mediated by the 143 bases in the 5’ leader 
that have properties consistent with an IRES (Niepel and Gallie, 1999; Gallie, 2001). The 
IRES functions have been assigned to one of two pseudoknots in the TEV leader and appear 
to be mediated through interactions with the translation initiation factor eIF4G (Zeenko and 
Gallie, 2005; Ray et al., 2006). There is also evidence that an IRES may mediate the 
translation of TuMV RNA (Basso et al., 1994). In contrast, TMV genomic and subgenomic 
RNAs all possess 5’ m7Gppp caps similar to cellular mRNAs (Richards et al., 1978; Guilley 
et al., 1979).  
In Drosophila and human cells, r-proteins are required for DCV and poliovirus, which 
both utilize cap-independent translation that is initiated by an IRES in their 5’ untranslated 
regions. In our study, silencing of the five r-proteins generally led to stronger inhibition of 
TuMV accumulation as compared to TMV. The most dramatic difference was observed in 
the RPS6-silenced plants where the accumulation of TuMV was completely abolished 
whereas TMV infection was only slightly reduced when compared to non-silenced TRV 
control plants. These results are consistent with results from Drosophila and humans 
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suggesting a highly conserved role for the r-proteins in the life cycles of cap-independent 
viruses.  
TuMV encodes HC-Pro, which is a strong suppressor of both established and nascent 
gene silencing (Anandalakshmi et al., 1998; Brigneti et al., 1998; Kasschau and Carrington, 
1998). The tobamoviruses encode a silencing suppressor that can prevent nascent silencing 
but cannot suppress established gene silencing as does HC-Pro (Kubota et al., 2003). Thus, 
the accumulation of TMV-GFP in RPS6-silenced plants cannot be explained by the 
possibility that TMV is a better suppressor of established VIGS than TuMV. These well-
characterized abilities of the viral silencing suppressors demonstrate that differential 
phenotypes observed for TuMV and TMV infections are not artifacts of the RNA silencing 
suppressor activities of each virus. 
Function of individual eukaryotic r-proteins in translation 
We expect that understanding the functions and location of each r-protein in ribosome 
assembly will be helpful to understand their roles in virus infection as well as in the control 
of plant growth and development. However, limited information about the structure of the 
plant ribosome poses some difficulty in connecting the specific function of each r-protein 
with of its role in plant virus infection. Therefore, it is necessary to turn to studies based on 
yeast and rat models in which it is known that RPS6 assembles onto the 40S rRNA precursor 
in the nucleolus and is located at the small head region of the cytosolic 40S ribosomal 
subunit. RPS6 can be directly cross-linked to mRNA, tRNA, and translation initiation factors 
suggesting that it might be involved in the initiation of translation. RPL19 is located in the 
60S large subunit at the subunit interface where it can bind to the 5.8S rRNA and through 
hydrogen bonding interact with 28S rRNA (Todokoro et al., 1981; Aas and Rognes, 1990). 
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However, there is no evidence demonstrating that it plays an essential role in subunit 
association (Stoffler et al., 1984). Another likely function for RPL19 is as part of the 
polypeptide exit tunnel (Nissen et al., 2000). Consistent with this function, it was reported 
that RPL19 participates in determining the accuracy and speed of translation as well as the 
fitness in the bacterium Salmonella enterica (Maisnier-Patin et al., 2007).  
RPL13 binds to 5.8 S rRNA and is positioned at the eukaryotic elongation factor 2 (EF-
2) binding site (Lee et al., 1983; Nygard et al., 1987). It is one of the r-proteins that are 
essential for the early assembly step in vitro and is highly expressed during embryogenesis in 
D. melanogaster (Helps et al., 1995; Charollais et al., 2003). RPL7, along with RPL7a and 
RPL6, forms one of the two bulges at the ribosomal surface. It appears to be a strong RNA 
binding protein (Piatyszek et al., 1988) and was observed to be up-regulated during 
castration-induced rat prostatic apoptosis (Bruyninx et al., 2000). RPS2 is located at or near 
the ribosomal P-site of the small ribosomal subunit where it participates in aminoacyl-
transfer RNA binding to ribosome (Noll et al., 1978), potentially affecting the fidelity of 
mRNA translation (Kowalczyk et al., 2002). Interestingly, the RPS2 and RPL19 proteins that 
appear to participate in the control of translation fidelity caused the most similar silencing 
phenotypes. It is possible that silencing RPS6, which is likely to be involved in translation 
initiation, could cause more severe defect. Further exploration of the functions of r-proteins 
in the process of virus replication will not only illuminate the detailed molecular events 
happened during viral RNA translation, but also give us insights into the unknown normal 
functions of the r-proteins in plant ribosomes.  
Coordinated expression of plant r-proteins 
We previously demonstrated that up to 69 r-protein genes were up-regulated by TuMV 
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infection and those genes belong to 52 r-protein families. In the case of RPS6, both RPS6A 
and RPS6B were induced significantly, whereas only one of the three members of the RPL19 
family was induced (Yang et al., 2007). Not every member of each family is necessarily 
induced by TuMV infection, indicating that there is differential regulation of expression 
among family members. In both A. thaliana and N. benthamiana, the mRNA transcript 
abundance of large numbers of r-protein genes was up-regulated by potyvirus infection 
(Yang et al., 2007; Dardick, in press). 
The regulation of eukaryotic r-protein genes has been investigated in most detail in the 
Saccharomyces cerevisiae and rat models. In yeast, the regulation of r-protein gene 
expression appears to occur at the transcriptional level (Planta and Mager, 1998) and in 
animals, predominantly at the translational level (Meyuhas, 2000). With respect to RPS6, our 
data from A. thaliana suggest a strong correlation between the increased accumulation of the 
mRNA and proteins, whereas the relationship is not so clear-cut for N. benthamiana. 
Interestingly, we also observed that loss of RPL7, RPL13, and RPL19 resulted in the 
decrease of RPS6 protein. This observation is consistent with that of Cherry et al. (2005) who 
demonstrated that loss of a single r-protein could affect levels of other r-proteins in trans 
(Cherry et al., 2005). This observation in Drosophila and N. benthamiana indicates that 
expression of r-proteins is tightly coordinated perhaps to maintain the correct stoichiometry 
of each within the cell. An implication is that the assignment of specific functions to r-
proteins in viral infection or plant growth and development through standard genetic and 
RNA silencing approaches will be complicated by this coordinated expression and the results 
must be interpreted with caution. 
4.5 Materials and Methods 
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Plasmid construction 
The DNA sequences of NbRPS6, NbRPL19, NbRPL13, NbRPL7, and NbRPS2 used for 
TRV-VIGS were amplified from N. benthamiana cDNA using HiFi Taq DNA polymerase 
(Invitrogen, Carlsbad, CA, U.S.A.) and the oligonucleotide primers: NbRPS6F 5’-ACA AGT 
TTG TAC AAA AAA GCA GGC T GAC CCA CCA AAT AGC AGG AA-3’ and 
NbRPS6R 5’- ACC ACT TTG TAC AAG AAA GCT GGG T CGT GAA AAA GGG TGA 
GAA GG -3’; NbRPL19F 5’-GGA TGG TTT CAT CAT CAG GAA-3’ and NbRPL19R 5’-
CTA GCC TTC TCA GCC TTT G -3’; NbRPL13F 5’- GAT GCT CGT CAC CAT ATG CT 
-3’ and NbRPL13R 5’- GAC CAT CCT CTT GAT CTT GTC -3’; NbRPL7F 5’- GCT CTT 
AAC CAG TTC ACC AA -3’ and NbRPL7R 5’- CCT CAT ACT TGT CAT TGA AGT T -
3’; and NbRPS2F 5’- TCA TGC CTG TTC AGA AAC -3’ and NbRPS2R 5’- AAG ACA 
TCA TCA ATA CCA GC -3’. The NbRPS6 PCR product was recombined into the pDONR 
vector containing the attP1 and attP2 recombination sites using the BP CLONASE enzyme to 
obtain pDONR-NbRPS6. Then pDONR-NbRPS6 was recombined into the pTRV2-attR1-
attR2 destination vector using the LR CLONASE enzyme (Invitrogen, Carlsbad, CA, U.S.A). 
The pTRV1, pTRV2-attR2-attR1 and pTRV2-NbPDS VIGS vectors were kindly provided by 
Dr. Dinesh-Kumar (Liu et al., 2002). All other PCR products were first TOPO-cloned into 
the pGATE vector (Invitrogen, Carlsbad, CA, U.S.A.) containing the attL1 and attL2 
recombination sites prior to recombination into the pTRV2-attR2-attR1.  
Generation of homozygous T-DNA lines  
Seeds of SALK T-DNA lines (as shown in Table 4.2) obtained from the ABRC stock 
center, germinated and tested by PCR for the presence of the T-DNA insertion and wild-type 
alleles. Primers used for testing all the lines are given in Table 4.3. All PCR reactions were 
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conducted using the following thermal cycling profile: 95 ºC, 30 second; 60 ºC, 30 second; 
and 72 ºC, 40 second for 30 cycles. Plants homozygous for each T-DNA insertion were 
expected to have a product from LBe and R primer pairs, and no PCR product from the F and 
R primer pairs. Heterozygous or homozygous wild-type plants yielded PCR products from F 
and R primer sets.  
Plant material and agro-infiltration  
N. benthamiana plants were grown in 4 inch pots at 23°C in a growth chamber under a 16 
h light/8 h dark cycle. For the VIGS assay, pTRV1 or pTRV2 and its derivatives were 
introduced into Agrobacterium tumefaciens strain GV2260 by electroporation (BIO-RAD, 
Hercules, CA, USA). A 5-ml culture was grown overnight at 29°C in the appropriate 
antibiotic selection medium. The next day, the culture was inoculated into 50 ml LB medium 
containing antibiotics (50 mg/L kanamycin, 100mg/L ampicillin, 25mg/L rifampicin and 
50mg/L gentamicin), 10 mM MES and 20 mM acetosyringone. The culture was grown 
overnight at 29°C in a shaking incubator. Agrobacterium cells were pelleted and resuspended 
in infiltration media (10 mM MgCl2, 10mM MES, 200 mM acetosyringone), adjusted to 0.8 
OD600 and incubated at room temperature for at least 3 h. Agrobacterium carrying pTRV1 
and pTRV2 or its derivatives was mixed in 1 to 1 ratio and infiltrated into N. benthamiana 
leaves with a needleless 1 ml syringe. Infiltration of pTRV1 combined with pTRV2-NbPDS 
was always conducted as a visual, positive control for silencing.  
RNA isolation and RT-PCR 
Total RNA was isolated from A. thaliana or N. benthamiana plant tissues using a TRIzol 
method as described (Huang et al., 2005) and treated with RNase-free DNaseI (Invitrogen). 
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First strand cDNA was synthesized using 1 μg of total RNA, oligo d(T24)primer and 
Superscript III reverse transcriptase (Invitrogen). Primers used for semi-quantitative RT-PCR 
are shown in Table 4.4.  
Western blot analysis 
Protein was extracted as described (Moffett et al, 2002), separated by polyacrylamide gel 
electrophoresis (PAGE) using 12% stacking and 15% resolving polyacrylamide with SDS 
running buffer (25 mM Tris, pH 8.3, 192 mM glycine, and 1% SDS), and then transferred to 
polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Hercules, CA, USA). Protein 
transfer efficiency and equal loading was estimated by staining the membranes with Ponceau 
S solution (0.1% w/v in 5% acetic acid v/v). 
For immunoblot assay, the membranes were incubated in 5% non-fat dry milk/PBST 
blocking buffer (137 mM NaCl, 2.7mM KCl, 8mM Na2HPO4, 2mM KH2PO4, pH to 7.4 with 
HCl, 0.1% Tween-20) for 3 hours, then incubated overnight at 4 ºC with antisera of maize 
RPS6 diluted 1:1,250 (Williams et al., 2003). The membranes were incubated with goat anti-
rabbit IgG conjugated with horseradish peroxidase (1:10,000 dilution; Amersham, 
Piscataway, NJ, USA) for 1 h at room temperature. The membrane blot images were 
developed using an enhanced chemiluminescence system (ECL, Amersham, Piscataway, NJ, 
USA) according to the manufacturer's instructions. 
Inoculum preparation, virus infection and GFP imaging 
TuMV-GFP sap inoculum was prepared from a full-length infectious clone as described 
(Yang et al., 2007). A full length infectious TMV-GFP construct was kindly provided by Dr. 
Barbara Baker and then introduced into A. tumefaciens strain GV3301 by electroporation 
 120
(BIO-RAD, Hercules, CA, USA). After Agrobacterium infiltration into N. benthamiana 
leaves, the TMV-GFP-infected leaves were collected and stored in aliquots at -80 °C. 
Inoculum was prepared at a 1 to 5 w/v dilution in potassium phosphate buffer pH 7.2. One to 
two leaves of each N. benthamiana plant with obvious silencing phenotypes for RPS6, 
RPL13, RPL19, RPL7, or RPS2 were dusted with carborundum and rub-inoculated with a 
cotton-stick applicator. The corresponding leaves of control wild type and TRV-infected 
plants were also inoculated. GFP imaging was visualized by UV illumination (100-W Blak-
Ray longwave UV lamp; UVP, Upland, CA, U.S.A.) and photographs were taken using a 
Nikon D70 digital camera with yellow filter. 
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Table 4.1 Infection foci per cm2 in plants challenged by TuMV-GFP and TMV-GFP at 5 dpi.  
 
TRV VIGS constructs  
---a TRV::00a TRV::RPL19b TRV::RPS6 b TRV::RPL13 b TRV::RPL7 b TRV::RPS2 b 
Virus Foci/ 
cm2 
Foci/ 
cm2 
Foci/ 
cm2 
Decrease 
%c 
Foci/ 
cm2 
Decrease 
% c 
Foci/ 
cm2 
Decrease 
% c 
Foci/ 
cm2 
Decrease 
% c 
Foci/ 
cm2 
Decrease 
% c 
TuMV 2.15 1.32 0.032 98 0.011 99 0.097 93 0.012 99 0.19 86 
TMV 1.83 1.22 0.12 90 1.07 12 0.118 90 0.012 99 0.25 80 
Note: a, the foci number is the average of two replicates; each replicate of 3 leaves per plant, two plants total.  
          b, the foci number is the average of 3 leaves per plant, three plants total.  
          c,  the percentage of decrease is compared to foci per cm2 of TRV empty vector control plants. 
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Table 4.2 SALK T-DNA lines and their insertion. 
 
T-DNA line At locus Gene Insertion 
SALK_061539 At4g31700 RPS6A Exon 
SALK_048825 At4g31700 RPS6A Intron 
SALK_013042 At3g16780 RPL19B Exon 
SALK_012147 At5g10360 RPS6B Exon 
SALK_099890 At1g02780 RPL19A Intron 
SALK_042253 At4g02230 RPL19C Exon 
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Table 4.3 Primers used to detect T-DNA homozygous mutants and their sequence.  
 
Primer name Sequences 
Salk_061539F AAAATCTTACAGTTTCTGGTCATCG 
Salk_061539R TCCGTGATTGAAACAGGTTGCTTA 
Salk_012147F AGGCTCTCTCAGGAAGTTAGCG 
Salk_012147R GCCTGCACATGGAAGCCTCATA 
Salk_048825F GGCATCCAGTAGTTGGATTCGCA 
Salk_048825R CGATTCCGTGATTGAAACAGGTTG 
Salk_013042F AGGGTCGTCACTCTGGATACGG 
Salk_013042R TTGTTGAGGTGCGCCAGCAGGA 
Salk_099890F CCGTCGCAGACAAACACAGGACA 
Salk_099890R ACAATTCTCATTGGGTTGAAACATTAT 
Salk_042253F ACGTCCCTTTCTCTTGGCTATATT 
Salk_042253R CTCGGTCTCGTGCTTGTTTTGG 
Salk LBe GGAACAACACTCAACCCTATCTCG 
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 Table 4.4  Sequence and annealing temperature (Temp.) of primer pairs used for RT-PCR. 
 
Genes Forward primer Reverse primer Temp 
( ºC) 
At_Actin8 GAGACATCGTTTCCATGACG TCCGAGTTTGAAGAGGCTACA 58 
At_RPS6A CCTCGAGGCTTTGGGCGAGGAGTTCAA CGGTACCTTTGTGAACTTGCGGCGGTA  50 
At_RPL19A CCTCGAGGGATGCGTAGGATGCGTGTT CGGTACCTTGGAGCAGGTGTAGCAGCA 50 
Nb_Actin GCCACACTGTCCCAATTTATGA GAAGCCAAAATAGAACCTCCAA 58 
Nb_RPS6 GCCAAGTGACCAAAATCTTC GGTAGGAGAAATGGTGAGCG 50 
Nb_RPL19 GGATGGTTTCATCATCAGGAA CTAGCCTTCTCAGCCTTTG 50 
 
 
 
 
 
 
 
 
 
 129
A 
                         1                                          45 
Arabidopsis_RPS6A    (1) MKFNVANPTTGCQKKLEIDDDQKLRAFYDKRISQEVSGDALGEEF 
Arabidopsis_RPS6B    (1) MKFNVANPTTGCQKKLEIDDDQKLRAFFDKRLSQEVSGDALGEEF 
        N.tabacum    (1) ---------------------------------KLGCRSTDPREF 
             Rice    (1) MKFNIANPTTGCQKKLEIDDDQKLRAFYDKRISQEVSGDALGEEF 
            Maize    (1) MKFNIANPSTGCQKKLEIDDDQKLRAFYDRRISQEVSGDALGEEF 
       Drosophila    (1) MKLNVSYPATGCQKLFEVVDEHKLRVFYEKRMGQVVEADILGDEW 
              Rat    (1) MKLNISFPATGCQKLIEVDDERKLRTFYEKRMATEVAADALGEEW 
            Human    (1) MKLNISFPATGCQKLIEVDDERKLRTFYEKRMATEVAADALGEEW 
                         46                                         90 
Arabidopsis_RPS6A   (46) KGYVFKIKGGCDKQGFPMKQGVLTPGRVRLLLHRGTPCFRGHGRR 
Arabidopsis_RPS6B   (46) KGYVFKIMGGCDKQGFPMKQGVLTPGRVRLLLHRGTPCFRGHGRR 
        N.tabacum   (13) KGYVFKIMGGCDKQGFPMKQGVLTPGRVRLLLYRGTPCFRGYGRR 
             Rice   (46) KGYVFKIMGGCDKQGFPMKQGVLTSGRVRLLLHRGTPCFRGYGRR 
            Maize   (46) KGYVFKIMGGCDKQGFPMKQGVLTSGRVRLLLHRGTPCFRGYGRR 
       Drosophila   (46) KGYQLRIAGGNDKQGFPMKQGVLTHGRVRLLLKKGHSCYR--PRR 
              Rat   (46) KGYVVRISGGNDKQGFPMKQGVLTHGRVRLLLSKGHSCYR--PRR 
            Human   (46) KGYVVRISGGNDKQGFPMKQGVLTHGRVRLLLSKGHSCYR--PRR 
                         91                                        135 
Arabidopsis_RPS6A   (91) TGERRRKSVRGCIVSPDLSVLNLVIVKKGENDLPGLTDTEKPRMR 
Arabidopsis_RPS6B   (91) TGERRRKSVRGCIVSPDLSVLNLVIVKKGVSDLPGLTDTEKPRMR 
        N.tabacum   (58) NGERRRKSVRGCIVSPDLSVLNLVIVKKGENDLPGLTDTEKPRMR 
             Rice   (91) DGERRRKSVRGCIVSQDLSVINLVIVKKGDNDLPGLTDTEKPRMR 
            Maize   (91) NGERRRKSVRGCIVSQDLSVINLVIVKKGENDLPGLTDTEKPRMR 
       Drosophila   (89) TGERKRKSVRGCIVDANMSVLALVVLKKGEKDIPGLTDTTIPRRL 
              Rat   (89) TGERKRKSVRGCIVDANLSVLNLVIVKKGEKDIPGLTDTTVPRRL 
            Human   (89) TGERKRKSVRGCIVDANLSVLNLVIVKKGEKDIPGLTDTTVPRRL 
                         136                                       180 
Arabidopsis_RPS6A  (136) GPKRASKIRKLFNLKKEDDVRTYVNTYRRKFTNKKGKEVSKAPKI 
Arabidopsis_RPS6B  (136) GPKRASKIRKLFNLGKEDDVRKYVNTYRRTFTNKKGKKVSKAPKI 
        N.tabacum  (103) GPR--EPQRSEALYFKEDDVRKYVNTTAEFTTKWKG--S-KAPKI 
             Rice  (136) GPKRASKIRKLFNLAKDDDVRKYVNTYRRTFTTKNGKKVSKAPKI 
            Maize  (136) GPKRASKIRKLFNLNKDDDVRKYVNTYRRTFTTKNGKKVSKAPKI 
       Drosophila  (134) GPKRASKIRKLYNLSKEDDVRRFVVRRPLPAKDNKKA-TSKAPKI 
              Rat  (134) GPKRASRIRKLFNLSKEDDVRQYVVRKPLN-KEGKKP-RTKAPKI 
            Human  (134) GPKRASRIRKLFNLSKEDDVRQYVVRKPLN-KEGKKP-RTKAPKI 
                         181                                       225 
Arabidopsis_RPS6A  (181) QRLVTPLTLQRKRARIADKKKKIAKANSDAADYQKLLASRLKEQR 
Arabidopsis_RPS6B  (181) QRLVTPLTLQRKRARIADKKKRIAKANSDAADYQKLLASRLKEQR 
        N.tabacum  (143) QRLVTPLTLQRKRARIADKKKRIAKAKSEAAEYQKLLASRLKEQR 
             Rice  (181) QRLVTPLTLQRKRARIAQKKQRIAKKKSEAAEYQKLLAQRLKEQR 
            Maize  (181) QRLVTPLTLQRKRARIADKKKRITKKKSEAAEYQKLLAQRLKEQR 
       Drosophila  (178) QRLITPVVLQRKHRRIALKKKRQIASKEASADYAKLLVQRKKESK 
              Rat  (177) QRLVTPRVLQHKRRRIALKKQRTKKNKEEAAEYAKLLAKRMKEAK 
            Human  (177) QRLVTPRVLQHKRRRIALKKQRTKKNKEEAAEYAKLLAKRMKEAK 
                         226                      253 
Arabidopsis_RPS6A  (226) DRRSESLAKKRSRLSSAAAKPSVTA--- 
Arabidopsis_RPS6B  (226) DRRSESLAKKRSRLSSAPAKPVAA---- 
        N.tabacum  (188) EKRSESLAKKRSRLSAASKPSIAA---- 
             Rice  (226) ERRSESLAKRRSKLSAATTA-------- 
            Maize  (226) DRRSESLAKRRSKLSAAAKASAATSA-- 
       Drosophila  (223) AKREE--AKRRRSASIRESKSSVSSDKK 
              Rat  (222) EKRQEQIAKRRRLSSLRASTSKSESSQK 
            Human  (222) EKRQEQIAKRRRLSSLRASTSKSESSQK 
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B 
                         1                                          45 
Arabidopsis_RPL19A    (1) MVSLKLQKRLAASVMKCGKGKVWLDPNESSDISMANSRQNIRKLV 
Arabidopsis_RPL19B    (1) MVSLKIQKRLAASVMKCGKGKVWLDPNESGDISMANSRQNIRKLV 
Arabidopsis_RPL19C    (1) MVSLKLQKRLASSVLKCGKRKVWLDPNEGSDISMANSRQNIRKLV 
         N.tabacum    (1) MVSLKLQKRLASSVLKCGKGKVWLDPNEVNEISMANSRQNIRKLV 
              Rice    (1) MVSLKLQKRLAASVLKCGKGKVWLDPNEVNEISMANSRQNIRKLV 
             Maize    (1) ---LKLQKRLAASYLKCGKGKVWLDPNEVSEISMANSRQNIRKLV 
               Fly    (1) MSSLKLQKRLAASVLRCGKKKVWLDPNEINEIANTNSRQNIRKLI 
               Rat    (1) MSMLRLQKRLASSVLRCGKKKVWLDPNETNEIANANSRQQIRKLI 
             Human    (1) MSMLRLQKRLASSVLRCGKKKVWLDPNETNEIANANSRQQIRKLI 
                          46                                         90 
Arabidopsis_RPL19A   (46) KDGFIIRKPTKIHSRSRARKMKIAKMKGRHSGYGKRKGTREARLP 
Arabidopsis_RPL19B   (46) KDGFIIRKPTKIHSRSRARALNEAKRKGRHSGYGKRKGTREARLP 
Arabidopsis_RPL19C   (46) KDGFIIRKPTKIHSRSRARQLNIAKRKGRHSGYGKRKGTREARLP 
         N.tabacum   (46) KDGFIIRKPQKIHSRSRARRAHEAKQKGRHSGYGKRRGTREARLP 
              Rice   (46) KDGFIIKKPQKIHSRSRARRAHEAKQKGRHSGYGKRRGTREARLP 
             Maize   (43) KDGFIIKKPHKIHSRSRCKK------------------------- 
               Fly   (46) KDGLIIKKPVVVHSRYRVRKNTEARRKDRHCGFGKRKGTANARMP 
               Rat   (46) KDGLIIRKPVTVHSRARCRKNTLARRKGRHMGIGKRKGTANARMP 
             Human   (46) KDGLIIRKPVTVHSRARCRKNTLARRKGRHMGIGKRKGTANARMP 
                          91                                        135 
Arabidopsis_RPL19A   (91) TKVLWMRRMRVLRRLLKKYRETKKIDKHMYHDMYMRVKGNVFKNK 
Arabidopsis_RPL19B   (91) TKILWMRRMRVLRRFLSKYRESKKIDRHMYHDMYMKVKGNVFKNK 
Arabidopsis_RPL19C   (91) TKVLWMRRMRVLRRLLKKYRETKKIDRHMYHDMYMKVKGNVFKNK 
         N.tabacum   (91) TKILWMRRMRVLRRLLRKYREAKKIDKHMYHDMYLKVKGNMFKNK 
              Rice   (91) TKILWMRRMRVLRRLLRKYREAKKIDKHMYHDMYMKVKGNMFKNK 
             Maize   (63) --------------------------------------------- 
               Fly   (91) TKLLWMQRQPFCRRLLKKYRDSKKIDRHLYHDLYMKCKGNVFKNK 
               Rat   (91) EKVTWMRRMRILRRLLRRYRESKKIDRHMYHSLYLKVKGNVFKNK 
             Human   (91) EKVTWMRRMRILRRLLRRYRESKKIDRHMYHSLYLKVKGNVFKNK 
                          136                                       180 
Arabidopsis_RPL19A  (136) RVLMESIHKSKAEKAREKTLSDQFEAKRAKNKASRERKHARREER 
Arabidopsis_RPL19B  (136) RVLMESIHKMKAEKAREKTLADQFEAKRIKNKASRERKFARREER 
Arabidopsis_RPL19C  (136) RVLMESIHKSKAEKAREKTLSDQFEAKRAKNKASRERKHARREER 
         N.tabacum  (136) RVLMESIHKSKAEKAREKTLSDQFEAKRAKSKASRERKIARREER 
              Rice  (136) RVLMESIHKSKAEKAREKTLSDQFEAKRAKSKASRERKIARREER 
             Maize   (63) --------------------------------------------- 
               Fly  (136) RVLMEYIHKKKAEKQRSKMLADQAEARRQKVREARKR---R-EER 
               Rat  (136) RILMEHIHKLKADKARKKLLADQAEARRSKTKEARKR---R-EER 
             Human  (136) RILMEHIHKLKADKARKKLLADQAEARRSKTKEARKR---R-EER 
                          181                              216 
Arabidopsis_RPL19A  (181) LAKGPGGDVAPVAAPAPAATPAPTAAVPKKKSKK-- 
Arabidopsis_RPL19B  (181) LAQGPGGGET-----TTPAGAPQQPEVTKKKSKK-- 
Arabidopsis_RPL19C  (181) LAKGPGGDIP------AAAPPAQTAEVPAKKSKK-- 
         N.tabacum  (181) LAPXPERSCT------STSGCSSSCGTKEGQEVKF- 
              Rice  (181) LAQGPREPAAP-----AAAAPAQTAAAPKKAKK--- 
             Maize   (63) ------------------------------------ 
               Fly  (177) IATKKQELIA-------LHA--KEDEIAAKAATAGH 
               Rat  (177) LQAKKEEIIK-------TLS--KEEETKK------- 
             Human  (177) LQAKKEEIIK-------TLS--KEEETKK------- 
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Figure 4.1 Alignment of the deduced amino acid sequences of RPS6 and RPL19 genes.  
The deduced amino acid sequences of RPS6 (A) and RPL19 (B) were compared among A. 
thaliana, N. tabacum, Oryza sativa (rice), Zea mays (maize), Drosophila melanogaster (fruit 
fly), Rattus norvegicus (Norway rat) and Homo sapiens (human). Sequences were aligned 
using the Vector NTI program (Invitrogen). RPS6 of N. tabacum and RPL19 of Zea mays 
were represented with partial sequences. Black boxes are identical residues. Dashes indicate 
gaps introduced during alignment. 
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Figure 4.2 Expression of RPS6 and RPL19 during potyvirus and tobamovirus infections.  
A, Comparison of the expression level of the RPS6A and RPL19A in Mock, TuMV and 
ORMV treated Col-0 at 14 dpi. Semi-quantitative RT-PCR was used to determine relative 
levels of RPS6A and RPL19A mRNA. Actin 8 was utilized as a control gene, which does not 
respond to viral infection (Yang et al., 2007). B, Immunoblot comparison of RPS6 protein in 
mock, TuMV and ORMV treated Col-0 at 14 dpi. In each lane, 12 μg of total protein were 
separated by SDS-PAGE and transferred to PVDF membrane. Membranes were stained with 
Ponceau S to detect total proteins, and the region of rubisco is shown as loading control. C, 
Comparison of the expression level of the RPS6 and RPL19 in Mock, TMV, TuMV and TEV 
treated N. benthamiana at 5 dpi. Semi-quantitative PCR was performed as described in A. D, 
Immunoblot comparison of RPS6 protein among mock, TMV, TuMV and TEV treated N. 
benthamiana at 5 dpi. 20 μg of total protein was loaded for each lane, and immunoblot 
detection was performed as described in B. 
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Figure 4.3 Silencing of RPL19 and RPS6 in N. benthamiana. 
A,  A schematic diagram of the TRV vector for VIGS. B, The phenotypes of silenced plants. 
a and c, the side view of the plants shows the severe stunted growth and shortened petioles of 
the silenced plants compared to wild type and TRV controls; a, 14 dpi; c, 21 dpi.  b, a view of 
the plants from the top shows the severe chlorosis and mosaic appearance of the newest 
leaves in RPL19- and RPS6-silenced plants. C, Immunoblot comparison of RPS6 protein 
levels among the control and r-protein-silenced plants. In each lane, 20 μg of total protein 
were separated by SDS-PAGE and a maize RPS6 polyclonal antibody was used to detect the 
N. benthamiana RPS6 accumulation. Blots were stained with Ponceau S to detect total 
proteins, and the region of rubisco is shown as a loading control. 
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Figure 4.4 Silencing of RPL19 and RPS6 abolishes TuMV accumulation, but not TMV.  
A, TuMV-GFP infection at 5 dai in RPL19- and RPS6-silenced and control plants.  a & e, 
wild type; b & f, TRV control;  c & g,  RPL19-silenced; d & h, RPS6-silenced. a, b, c, and d , 
view of TuMV-GFP infection in whole plants. e, f, g, and h, a close-up view of TuMV-GFP 
infection foci on representative single leaves. B, TMV-GFP infection at 5 dai in RPL19- and 
RPS6-silenced and control plants.  a & e, wild type; b & f, TRV control;  c & g,  RPL19-
silenced; d & h, RPS6-silenced. a, b, c, and d , view of TMV-GFP infection in whole plant. e, 
f, g, and h, a close-up view of TMV-GFP infection foci on representative single leaves. 
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Figure 4.5 Silencing of RPL13, RPL7 and RPS2 in N. benthamiana. 
A, The phenotypes of silenced plants. a, a side view of the plants shows the severe stunted 
growth and shortened petioles of the silenced plants compared to the wild type and TRV 
control plants. b, a view of the plants from the top shows the severe chlorosis and mosaic 
appearance of the newest leaves in RPL13-, RPL7-, and RPS2-silenced plants. B, 
Immunoblot comparison of RPS6 protein levels among the control and r-protein-silenced 
plants. In each lane, 20 μg of total protein were separated by SDS-PAGE and a maize RPS6 
polyclonal antibody was used to detect the N. benthamiana RPS6 accumulation. Blots were 
stained with Ponceau S to detect total proteins, and the region of rubisco was shown as the 
loading control. 
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Figure 4.6 Challenge of RPS2- , RPL7-, and RPL13-silenced plants with TuMV and TMV.  
A, TuMV-GFP infection at 5 dai in RPS2- , RPL7-, and RPL13-silenced and control plants. a 
& f, wild type; b & g, TRV control;  c & h,  RPS2-silenced; d & i, RPL13-silenced; e & j, 
RPL7-silenced. a, b, c, d and e , view of TuMV-GFP infection in whole plant. f, g, h, i and j, 
a close-up view of TuMV-GFP infection foci on representative single leaves. B, TMV-GFP 
infection at 5 dai in RPS2- , RPL7-, and RPL13-silenced and control plants.  a & f, wild type; 
b & g, TRV control;  c & h,  RPS2-silenced; d & i, RPL13-silenced; e & j, RPL7-silenced. a, 
b, c, d and e , view of TMV-GFP infection in whole plant. f, g, h, i and j, a close-up view of 
TMV-GFP infection foci on representative single leaves.  
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CHAPTER 5  
CONCLUSIONS AND FUTURE WORK 
 
5.1 General conclusions 
This dissertation summarizes my efforts to investigate the molecular basis of the 
compatible Arabidopsis-Turnip mosaic virus (TuMV) interaction. These studies have utilized 
a novel macro-dissection method coupled with a whole genome oligonucleotide microarray 
to monitor molecular events of plant-virus interaction. The results of this study have 
contributed to a more accurate and detailed picture of how the global mRNA transcript 
profiles of host plants are altered in response to viral infection. Based on the alteration of 
global host mRNA transcript profiles, two directions of functional study were pursued, and 
the results provide important information for the understanding of the molecular events and 
signaling networks in plants that contribute to viral pathogenicity.  
First, the studies of this dissertation increased our knowledge of how viruses manipulate 
host gene expression. We utilized a TuMV infectious clone tagged with GFP to guide the 
spatial dissection of TuMV infection foci into four adjacent zones which represent different 
stages of infection. This strategy combined with oligonucleotide microarray analysis allowed 
identification of new functional groups of genes whose expression is altered by TuMV 
infection. Several microarray studies have been conducted before to identify genes with 
virus-altered expression profiles (Itaya et al., 2002; Golem and Culver, 2003; Whitham et al., 
2003; Senthil et al., 2005, Whitham et al, 2006). The RNA samples used for those expression 
analyses were usually derived from intact infected tissues which contain both virus-infected 
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and non-infected cells because of the mosaic pattern of viral infection. The use of intact 
tissue was likely to mask or dilute interesting gene expression changes to a level that cannot 
be detected. The macro-dissection strategy I used in this dissertation allowed the infected 
cells to be distinguished from non-infected cells and further allowed spatial dissection of late 
and early infection events across a gradient of four stages of TuMV accumulation. This 
spatial analysis led to identification of new suites of coordinately regulated genes that are 
associated with chloroplast functions (decreased), sulfate assimilation (decreased), cell wall 
extensibility (decreased), and protein synthesis and turnover (induced). The dissection 
strategy could also be applied to any other plant virus for which an infectious clone 
expressing GFP or other marker genes is available. 
Second, the studies in this dissertation led to a new model of how a virus spatially effects 
host gene expression in susceptible interactions. The current model for the spatial effects of 
viral infection is that major host expression changes occur at an early stage of infection, in 
the infected cells immediately adjacent to healthy cells (Maule et al., 2002). This model is 
based on in situ hybridization of selected host genes in virus-infected cotyledons (Wang and 
Maule, 1994). Our results demonstrated that most gene expression changes occur in cells of 
late stage of virus infection which had most abundant virus accumulation. The extent of 
transcript alteration is proportional to virus accumulation level, suggesting most genes with 
altered expression in a susceptible host plant may be affected by the accumulation levels of 
non-native viral proteins and RNAs. 
Third, the studies in this dissertation improved our understanding of the functional role 
of r-proteins in the process of viral infection. Viruses must utilize host cytosolic translation 
machinery, including ribosomes, for protein synthesis. R-proteins, which are indispensable 
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components of mature of ribosomes, are expected to be necessary for virus amplification. 
Depletion of several individual r-proteins all resulted in attenuation or even abolishment of 
viral infection. This observation has provided the first direct evidence for the roles of r-
proteins as necessary host factors for plant virus infection. In addition, viruses that mediate 
their translation initiation through different strategies demonstrated differential requirement 
for individual r-proteins. These results not only provided useful information for exploring the 
necessary host factors of viral infection but also provided the groundwork for a new avenue 
to study plant-virus translation mechanisms.  
Finally, the studies in this dissertation also improved our understanding of gene 
regulation and signaling pathways that may contribute to viral disease symptoms. Based on 
their functional roles in plant cell growth and development, genes AtEXP10, AtPME3, 
AtXTH6, and AtDWF1 are postulated to be correlated with viral disease symptom 
development. Therefore, I hypothesized that the down-regulation of these genes could be a 
direct cause of stunted growth symptoms associated with viral infection. Moreover, down-
regulation of these genes is DCL and RDR dependent, demonstrating that RNA silencing is 
the most likely mechanism through which TuMV accomplishes the down regulation of these 
genes. Interference with endogenous miRNA pathways by viral silencing suppressors has 
been suggested to be a mechanism through which viruses induce abnormal host development 
(Dunoyer et al., 2004). The results presented in this dissertation provide more useful 
information for us to further study functional role of RNAi pathway in the regulation of the 
accumulation of host mRNA transcripts, which have levels that are altered by viral infection.  
5.2 Future directions 
Based on the studies in this dissertation, there are several avenues of research that have 
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been opened up in order to further investigate the molecular basis of compatible plant-virus 
interactions.  
Exploring the RNAi pathway through which specific endogenous genes are down 
regulated  
The studies presented in this dissertation identified a virus-induced RNA silencing 
pathway that targets specific endogenous genes for down regulation. This pathway is 
dependent on DCL1 and 3, and RDR1, 2, and 6, indicating that it belongs to a somewhat 
unusual RNAi pathway that is not well characterized. Considering that ten AGOs, four DCLs 
and six RDRs have been identified in A. thaliana (Dalmay et al., 2000; Morel et al., 2002; 
Schauer et al., 2002), it is not surprising that a more complex RNAi mechanism is involved. 
To investigate the regulatory role of this RNAi pathway, screening more RNAi mutants, like 
ago mutants will be necessary. AtPME3, which is down regulated in a very robust manner, 
will be a good marker gene for screening required RNAi components. Detection of 
corresponding small RNA products will also provide useful information about how this 
RNAi pathway functions. Small RNA products then could be used as a powerful marker to 
investigate how DCL, RDR and AGO work coordinately to cause the repression of target 
genes.  
Investigating the regulation of other functional groups of virus-repressed genes  
Our studies have suggested that RNA silencing is likely a mechanism through which 
specific endogenous genes are repressed by viral infection. Besides cell wall genes, it is very 
possible that other functional groups of virus repressed genes are also targets of RNA 
silencing. It will be interesting to test whether other groups of genes on our down-regulated 
gene list are also regulated through RNAi by the methods used in this dissertation. One 
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particular group of down regulated genes of interest that might be explored next is associated 
with chloroplast biogenesis and maintenance. These genes are of interest because of the 
potential association with the chlorotic symptoms of viral infection. 
Investigating the functional roles of r-proteins in the process of virus amplification 
Studies in this dissertation have provided clear evidence that r-proteins are induced and 
are necessary host factors for virus infection. However, there is no direct evidence regarding 
the step of the virus life cycle in which r-proteins participate or whether their increased 
expression benefits viral infection. In addition, the mechanism by which various viruses 
differentially require individual r-proteins, such as RPS6, is still not clear. To answer the first 
question, one strategy will be to compare the ribosome number in single r-protein depletion 
plants and wild type plants. This analysis will correlate virus infection efficiency with host 
translation ability. One hypothesis for the differential requirement of r-proteins by TuMV 
and TMV is that they use different translation initiation strategies. To test this hypothesis, the 
accumulation of more other potyvirues and tobamovirues along with other cap-independent 
and cap-dependent viruses need to be investigated in the environment of r-protein mutants. 
Analysis of reporter constructs containing IRES elements of potyviruses or the leader 
sequence of tobamoviruses will provide additional direct evidence for this hypothesis. In 
addition, silencing of other r-proteins as well as proteins involved in translation initiation will 
also be necessary to further define the factors required for translation by different types of 
plant viruses.  
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